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ABSTRACT 


This report discusses a wide variety of topics, investigated during 
a three-year contract for the Signal Corps, some of which concern the 
theory and design of specific microwave devices, while others concern 
design data and methods for various configurations of lines and discon- 


ttruities that form building blocks for microwave devices. 
The topics discussed include: 


A wide-band, strip-line Magic-T 


A ferrite-loaded non-reciprocal TEM-mode structure for 
wide-band gvrator and isolator applications 


A forward-coupling hybrid junction in strip line 
A forward-coupling hybrid junction in trough guide 
Broadside-coupled strip transmission lines 


Interleaving, printed-circuit, parallel-coupled strip 
transmission lines 


Parallel-coupled strip-transmission-line circuits in a 
cvlindrical transmission-line configuration 


The design of thick, capacitive obstacles for microwave 
circuits 


The junction effect of strip-line T-junctions 
A waveguide filter having unusually broad stop bands 


Tables of lumped-element, low-pass, prototype element values 
for use in designing Tchebyscheff or maximally flat filters 


A generalization of Cohn’s method for design of direct- | 
coupled, band-pass filters having narrow or moderate bandwidth. 


The design of several types of wideband, band-pass filters’ 
from lumped-element, low-pass prototypes. 


The design of diplexers 
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The effects of dissipation loss and design for minimum 
midband dissipation loss. : 


The design of high-power filters 
Electronically tunable microwave filters 


Impedance-matching networks. 


Set igrsinta aie! 


Sheesh a nap geen thease ed way magne Mie 


a cals phen bp wpe eer 


oe ape NSE Sep RR a A RIO er RS 


A npeater) 1 


RANE mney 


cee tpt et mele tne Sy 


FOREWORD 


The material presented in this report has been extracted from the 
progress reports issued quarterly on this contract, and combined with 
new material written since the last progress report was issued. Because 
of the nature of this investigation, and the method chosen herein for 
presenting the results, assembling the conclusions of cach investigation 


into a separate chapter of conclusions seems inappropriate. 


In all references to equations and figures, the chapter number has 
been printed in boldface to facilitate finding the item referred to. The 
diversity of the subjects covered made it seem advisable to print all 
bibliographic references at the end of the chapter that contains them. 
While this may lead to repetition, it makes it possible to use particular 


sections of the renort in handbook fashion. 


Tt is expected that most of the material contained in this report, 
along with material from preceding contracts on this same subject, will 


be assembled and revised for later publication as a handbook. 


The Signal Corps technical monitor for this work is Me. Nathan Lipetz. 
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CHAPTER 1 


INTRODUCTION 


‘This report presents the results of a three-year research contract 
carried out for the Signal Corps. This research, and that of two 
preceding contracts,!? has been concerned, both theoretically and experi- 
mentally, with new types of microwave filters and coupling structures, 
and with developing more precise methods of design for various previously 
known structures. <A major goal has been the eventual preparation of a 


handbook for microwave filter design. 


Although the major emphasis of this research has been directed toward 
the microwave filter design problem, various coupling structures have also 
been considered that have applications independent from filters. The 
structures discussed in Chapters 2 to § fall in this category... Among the 
structures discussed are a wide-band, strip-line, Magie-T; a ferrite- 
loaded nonreciprocal TEM-mode structure for wide-band gyrator and isolator 
applications; and two types of forward-coupling hybrid junction, one in 
strip-line and one in trough guide. The forward-coupling hybrid junctions 
have an advantage for some applications over the common 3-db backward 


couplers, in that the balance arms of the hybrid junctions are adjacent. 


Work has also been directed toward preparing data to give designers 
quantitative information about the electrical effects of various discon- 
tinuities and about the coupling between various types of parallel- 
coupled lines. The material in Chapters 6 to 1] is of this sort. This 
material should prove valuable for precision design of microwave filters 


and a variety of other types of microwave devices. 


To aid-in the design of circuits such as 3-db backward couplers and 
wide-band filters using parallel-coupled lines, design data are presented 
in Chapter 6 for broadside-coupled strip transmission lines, and in 
Chapter 7 for an interleaving, printed-circuit, parallel-coupled, strip- 
transmission-line construction. Both of these constructions permit very 
tight coupling between lines while maintaining reasonable tolerances. 

In Chapter 8, some parallel-coupled line circuits in a nonplanar 


(cylindrical) transmission-line configuration are considered, 


l 


- oe 


In precise microwave cireuit design, it 1s often necessary to de- 
termine the capacitive effect of various discontinuities,  besign data 
have previously existed for thin Capacitrve obstacles, and in Chapter 9 
design data are presented which permit: accurate design of thick capaci- 
tive obstacles. Data are presented in Chapters {0 and: |} which show the 
junction effect of strip-line T-junctions. These latter data are useful 
in correcting for the junction effects in filters or other strip-line 


devices using stubs with connecting lines. 


The material in Chapters 12 to 30 deals specifically with various 


aspects of microwave filter design. 


In Chapter ]2, design theory and experimental results are presented 
for a type of waveguide filter having unusually broad stop bands. This. 
type of filter uses a “waffle-iron” form of interior structure, and has 
been constructed to give stop bands free of spurious responses between 


two and three times the cutoff freyuency of the filter. 


Tables of lumped-element, low-pass, prototype-clement values are 
presented in Chapter 13 for use in the design of Tehebyscheff or maxi- 
mally flat filter, and in Chapter 14 a discussion is presented of the 
comparative time-delay characteristics of these various filter types. 
It has been found that Tchebyscheff filters with small amounts. of pass- 
band ripple have more uniform time-delay characteristics than do maxi- 


mally flat filters. 


Chapter 15 presents a generalized description of Cohn's method for 
P I J 


design of direct-coupled, band-pass filters. Using this approach with the 


lumped-clement, low-pass prototype-element values discussed above, the 
design of filters using any kind of resonators can be readily carried out 
to give band-pass filters of narrow or moderate bandwidth having a pre- 
scribed response characteristic (i.e., such as a Tchebyscheff response). 
This approach is iliustrated in Chapter 16, 1n the development of design 
_data for a type of transmission-line filter having very wide stop bands. 
This filter uses quarter-wavelength resonators with capacitive couplings 
located at points that will be voltage-null points in the higher-order 
pass bands. Detailed design data are presented for strip-line filters 
of this sort, and the measured response of a trial design is shown which 
is free of spurious responses up to five times the frequency of the — 


primary pass band. 


te 


In Chapter 17 a method is presented for the design of wide-band, 
band-pass filters from lumped-element, low-pass prototypes and is applied 
to filters consisting of transmission lines with series-capacitance 
couplings. In Chapter 18 this same method is applied to filters using 
parallel-coupled lines, and to filters using various arrangements of stubs 
with connecting lines. A number of trial Tchebyscheff filter designs are 
worked out having bandwidths ranging from 5 percent to wideband filters 
with 2-to-l hand-edge ratios. In the case of the filters of 30-percent 
bandwidth or less, the computed responses of the trial designs were almost 
exactly as specified, while fpr the octave bandwidth designs there were 
some noticeable deviations. However, the deviations were small, and of 


j 
little practical consequence | 
i 


fi 
‘ 


Chapter 19 reports on a Tchebyscheff filter 


using stub construction thatiiwas designed and built to Rive a 2.2-to ] 


bandwidth; the measured res nse was found to be very close to the theoreticai 


i 
Chapter 20 presents a niithematical study of the design of diplexers, 
Theory is presented, along Heh the computed impedances and: the response 
of a trial design. Chapter 21 discusses the design of a low-pass filter 
for use in a diplexer. Two complete diplexers were built, one with a cross- 
over at 2 kMc and another with a crossover at 8.2 kMc, In Chapter 22 their 


measured responses and constructions are shown. 


The 'reséits of a study to determine the effects of dissipation loss 
in filters are presented in Chapter 23. Easy-to-use methods for computing 
filter loss are discussed, and it is shown that in many narrow-band filter 
Situations where losses are critical, neither the common Tchebyscheff nor 
the maximally flat types of filters give the best results. Methods for 
optimum design are shown, Design principles for high-power filters are 
discussed in Chapter 24, along with means for computing the field strengths 
in cavities so that the power rating of filters can be estimated. Means 
are suggested for designing high-power filters: which absorb rather than 


reflect the unwanted Signal components. 


Mr. Nathan Lipetz, the Signal Corps technical monitor for this con- 
tract, asked that special attention be Biven to possible methods for the 
design of electronically tunable microwave filters, and various approaches 
to this problem are presented in Chapters 25 to 29, Chapters 25 and 26 
discuss the use of caviti«s with ferrite loading to give magnetically- 
tunable filters; Chapter 27 discusses the use of voltage-variable- 
capacitor diodes to vary the tuning of filter resonators; Chapter 28 dis- 


cusses the use of single-crystal yttrium-iron-garnet spheres as 
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magnetically-tunable ferrimagnetic resonators; and Chapter 29 discusses 
the use of pumped, variable-capacitance diodes in up-converters to form 
filters whose pass-band frequency is controlled by a voltage-tunable pump 
oscillator. Although completeness required that all of the various tuning 
methods studied be discussed, it. is the opinion of the authors that the 
electronically tunable up-converter (Chapter 29) offers most promise at 
this time for electronie tuning im frequency ranges up to around 3 kMec, 
while the garnet filters (Chapter 28) offer most promise for use at 


higher frequencies. 


Finally, in Chapter 30, lumped-element, low-pass prototype data are 
given for impedance-matching networks. Since impedance-matching networks 
are necessarily filter-type structures, these data can be used with the 
previously mentioned filter design techniques in order to design micro- 


wave impedance-matching networks. 


The theory, design data, and experimental results obtained during 
the course of this research preject should be useful in a wide variety 
of applications. Some of the applications will be concerned with the 
precision design of frlters or coupling structures as system components, 
while others will be of the nature of precision design of sub-structures 
of large components. Examples of the latter type of application are the 
design of an impedance-matching structure which is to be an integral part 
of a microwave amplifying tube, and the design of impedance-matching dis- 


continuities to beeome an integral part of an antenna feed structure. 
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CHAPTER 2 


WIDE-BAND STRIP-LINE MAGIC-T 


This chapter of the report contains a theoretical analysis of a new 


type of wide-band strip-line Magic-T. A schematie dvagram of this device 


yy 


ts shown in Fig. 2-1. Fe is seen that Pores 4 ant 3 and 4Aoand are 
connected by means of transmission 


lines of characteristic impedance Z 


and electrical Length ¢. Port ] 1s 

connected to Port 2 by means of a bee 
band-pass filter! having tmage im- a eee 
pedance 4, and image phase shift 3, ro: 


: zi 
while Port Fas connected to Port 3 g s 


by a band-pass filter wheeh as the 


dual of that connecting Port 1] and 


2. Ft has image impedance Z, and an FIG. 2-1 
ameccephase shite.) * JEN deerees. | SCHEMATIC DIAGRAM OF A WIDE-8AND 
The definitions of these quantities STRIP-LINE MAGIC-T 
are. 
oy aa oy sin ¢ The image impedance 

Le ———- — of the filter with: 

{(Z ca Rae +e Ot ree? Whe oe he pair of shorted 
ee ae oe oo ‘ 
strips 

hens Characteristic impedance of one coupled strip, measured 
with respect to ground, with equal currents flowing in 
the same direction. 

2. Characteristic impedance of one coupled strip, measured 
with respect to ground, with equal currents flowing in 
oppostte directions. 

CSM A a BY SRS Spy 4) The image impedance of the filter with | 

the pair of open circuited strips 

G = Electrical length of each band-pass filter and each line 

of characteristic impedance Z. 
7 } Z 3 - ' , 
-¥ Ree eas! : tmage phase shift of the 

8.7 cos (Zz Cigeg SOs filter with the pair of 


open-circuited strips 


Thin chepter has been published, See Ee M, Ts Jones “Wide-Rand Strip-Line Magie-T” IRE Trans, MIT Vol. 8, 
No. 2 pp 160-168 Merch 1960. 


The ‘subscript s applies to the filter with the paar of shorted strips shile the subscript 0 =pplies to 
the filter with the peir of open-circuited Strips. 
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f+ 180° - image phase shift of the filter with the ase of 
short-circuited strips. 


Ac midband, where ¢ = 907, it as seen that » is always equal to 90°: for 
arbitrary values of Z - and Z . Vf one chooses Z and Z as 
oe ow oe ag 
Zz 2102, #41) 
oe 

Aare see ae ; (Qed) 
2, ~~. - # at midband. Uf, in addition one sets 

IS hee Sree ; (729) 


The Magic-Toars perfectly matehed at> midband at all ports and hence has 
perfect: midband isolation between Ports 1 and 4 and Ports 2 and 3. In- 
Sspecetion of Rap. 2-] shews that Ports 2 and 3 are equivalent to the 

through arms of a waveguide Magic-T while Ports 1 and 4 are equivalent to 
the ports on the series and shunt arms, respectively. of a. waveguide 
Magic-T. At frequencies other than the midband frequency the various ports 
will not be perfectly matched and the tsolation between Opposite ports 

will not be infinite Nevertheless. as will be shown later, the calculated 
performance of this Magie-T 1s quite good over a L:) frequency band. Cal- 
culations are also presented for cases when the various impedances are 
different: from those defined by Eqs. (2-1) and (2-2). It is shown 

that optimum performance over the 21 frequency band is obtained when 


Sod iae Z, Z- 0 8024 and Zz, Z 1.0785 at midband. 


The performance of these Magic-T's as a function of frequency is 
analyzed here in terms of the well-known ABCD matrices of the individual 
networks within a particular Magic-T. These matrices are listed in 


Table 2-1 for reference. 


The techniques used to compute the input’ impedance of any port and 
the output voltages at the other ports will now be illustrated for the 
case when Port 1 is energized. Figure 2-2 shows the Wagic-T of 
Fig. 2-1] redrawn in a convenient form for computation of the Input im- 


pedance of Port 1 and the isolation between Ports 1 and 4. Here the 


matrix elements of the upper network are given by 


TABLE 2-1] 
ABCD MATRICES OF THE INDIVIDUAL NETWORKS IN THE MAGIC-T 


NETWORK 


MATRIX 


cos 8 +) Z, sin B LW 
ae F; ‘ 
— | J “> j | cos B 
0 ar 5 
cry Z, sin B 
= [Ms 
(2-3) 
(2-4) 


The voltages and currents at the 


two ports are related by 


LA ci A, V, + By Tyy 
Iyy CoV, + Dy yy 
(2-5) 
& 0326-98) -1D. ana 
FIG. 2-2 
MAGIC-T EQUIVALENT CIRCUIT USED IN VA, aah a dy 
COMPUTING VOLTAGES AT PORTS 1 AND 4 
Ae C, V, +O, Ty, 
The currents Ivy and et are related as (2-6) 
eae wy Bays Zz, e bp i (2-7) 
When Eq. (2-7) ts substituted into Eqs: (2-6) and (2-5) one finds 
that the input impedance zich) at Port 1 is 
BB 
uot 
V art Cole. 2 
l 1 
Lec Eiirrd ly ereeyyey rie | B,D, +0, 8, 
oY e 
vee Bele * Ruka Pat pt le wean «eae 
(2-8) 


The input impedance at Port 4 when Port 1 is terminated in Z, is easily 
determined by replacing, in Eq. (2-8), A, by D,, D, by Ay, A, by D,, 


and D, by A,. 


It is easy to show that the ratio of V/V, when Port 1 is energized 
is given as 


LEY 
vy Z, 


——s o a ce ti a ata (2-9) 
vy By : by 


B 


+AyB, +A, By 


10 


The ratio V/V, when Port 4 is energized is determined by replacing, in 
Eq. (2-9), Ay by Dy and A, by D,. which shows that in general these 
ratios are slightly different. The actual insertion loss, I. L., between 
Terminals 1 and 4 is independent of the direction of propagation through 


the network and is given by 


B,B, 
ot AvBe * ABy 
1 
RE RAIS Nee Ne ame eee 
lake iat fs B, + By 
or ; : (2-10) 
B,B, 
rapt DB, + D,By 
LL = 1 1 
Yee B, + By 
where 
4 6 Z. 41) zy 
sa(l) 5 
< 2,41) Z, 
Pea tine Z, 
r 
sala) y, 
Z,,(4) + Z, 


Equation (2-19) predicts that the insertion loss between Ports 1] and 4 


is infinite only when Z, + 2, = Z. 


The voltage at Port 3 when Port 1 is energized is determined with the 


aid of the circuit in Fig. (2-3). The matrices in this circuit have the 


values 
A’ B' 
i sue Img < Mgt < dwt day tay | 
Be | nae Vas 
A, B, nan 
CG, D. 


ll 


een eee wn ae 


rie F 
AG 2 v I ? 
aruaa4 Oai-6 @-2976-QR1-19 
FIG. 2-3. ; any FIG. 2-4 
MAGIC-T EQUIVALENT CIPCUIT USED IN MAGIC-T EQUIVALENT CIRCUIT USED IN 
COMPUTING VOLTAGES AT PORTS 1 AND 3 COMPUTING VOLTAGES AT PORTS 1 AND 2 
The voltage ratio V,‘b_ is 
b Bi + B 
$ 
ee (2-12) 
a B'B, 
+ A’B. + A,B‘ 
A 5 $ 


The voltage. at Port 2 when Port 1 is energized is determined with the aid 


of Fig. 2-4. The matrices an this circuit have the values 


twol IMT IMT = INE IMT 12-935 


and 


The voltage ratio V/V, is 


3 (2-18) 


< 
& 
& 
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The input impedance of the othér ports and the voltage transfer co- 
efficients between the various ports when a particular port is energized 
may be written by inspection using the above technique. One interesting 
result of such a procedure is the fact that the insertion loss between 
Ports 2 and 3 is infinite only when ZZ) - 2 andi oe 78 90°. This con- 


dition is satisfied at midband for all the Magic -T’s discussed here. 


The electrical performances of five Magic -T’s have been computed on 
a high speed digital computer using the above formulas. The important 


electrical parameters of these structures are listed in Table 2-2. 


TABLE 2-2. 
ELECTRICAL PARAMETERS OF VARIOUS STRIP LINE MAGIC-T’S 


MAGIC-T MAGIC-T MAGIC-T 
NO 1 NO. $6 NO. $ 


2.414 2.55 s .550 2.550 

0.424 30 3 392 0. 392 
2/2 | 0.500 7407 0.8024 
24/2 1 000 ot 86% 0.8024 
Z,/Z (Midband) | 1 eS eaaies 0785 1.0785 
2 /Z (Midband) ). 9272 0.9272 


+) (when Z/Z > Z5/Z) ‘ oy” + 30.7°] 90° ¢ 30.7° 


o 


( (when Z/Z = 25 23 : 2 a 90° + 22 


The input impedance at the four ports of these Magic -T’s.are plotted in 
Figs. 2-5 through 2-9. Tt as observed that in all cases the real part re 
of the input impedance of a port is a symmetrical function of frequency 
while the imaginary part is an antisymmetrical function of frequency, Ps 
Furthermore, the input impedance at each of the various ports of any one 


Magic T has a different variation with frequency since this device has 


no electrical plane of symmetry. x A fe 

Magic T 1 is designed to be matched at all ports at midband. It Ps 
also has infinite isolation between Ports 1 and 4 and Ports 2 and 3 at os 
midband. The input match at the various ports deteriorates at frequencies ig 
above and below midband. At the edges of a 2:i frequency band the VSWR. ha 
at Port 4 rises to 2.55. i 


Magic-T 2 was designed to have perfect isolation between Ports 1 


and 4 at 9 = 90° ¢ 22° and approximately equal isolation between these 
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INPUT IMPEDANCE OF 


MAGIC-T 1 
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FIG. 2-6 
INPUT IMPEDANCE OF MAGIC-T 2 
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FIG. 2-9 
INPUT IMPEDANCE OF MAGIC-T 5 


18 


ports at the center and at the edges of a 2.1 frequency band. As men- 
tioned before it also has perfect isolation between Ports 2 and 3 at 

6.- 90°. The frequency variation of the isolation between these pairs 

of ports is shown in Fig. 2-10. It is observed that over a 2:1 frequency 
band the isolation between Ports 1 and 4 is always greater than 24.8 db. 
While the isolation between Ports 2 and 3 drops te 22.2 db at the edges 
of a 2:1 frequency band. The input impedance of the various ports is 
quite similar to that of Magic-T 1 and at the edges of a 2:1 frequency 
band the VSWR at Port 4 rises to 2.45. . 


The internal structure of Magic-T 3 Serthe same as that of Magic T 2, 
however, the terminating impedance Z, at Ports 1 and 4 has been changed 
to improve the match at these ports. The input impedance of this Magic -T 
1s shown in Fig. 2-7. The VSWR at the various ports of this filter is 
less at the edges of a 2:1] band than in Magic-T 2. The highest VSWR at 
the edge of the band is 1.93 measured at Port 4. 


The internal structure of Magic T 4 is the same as that of Magic-T’s 
2 and 3. The impedances Z, and 2, have been chosen to give a perfect 
match at Port 1 when @ - 90° ¢ 22°. The input impedance plot of this 
Magic-T in Fig. 2-8 shows that this technique considerably improves the 
match at all ports. The maximum VS¥R of 1.58 at the edges of a 2.1] band . 


occurs at Port 4. 


Magic T 5 is the same as Magic T 4 except that it has equal impedances 
at all the ports whose value is the geometric mean of the values of Zz, 
and Z, in Magic T 4. The input impedance of this Magic-T is shown in 
Fig. 2-9. Its frequency variation of input impedance is less than that 
of any of the other Magic-T’s, Furthermore, the total impedance excursion 
at each port as a function of frequency is quite similar over a 2:1] fre- 
quency band Hence, it is believed that the parameters of Magic T 5 are 
essentially optimum for a 2:1. frequency band of operation, The isolation 
between diagonally opposite ports is plotted in Fig. 2-10. It is seen 


that the isolation is. quite similar to that of Magic T 2. 


In many applications the most pertinent parameters of a Magic-T are 
the input impedance of the various ports and the isolation between opposite 
ports (t.2., between Ports 1 and 4 and Ports 2 and 3). However, it is 
sometimes desirable to know approximately the ratio, R, of wanted to un- 
wanted voltages at Ports 2 and 3 when Ports 1 or 4 are energized, or the 


ratio of wanted to unwanted voltages at Ports 1 and 4 when Ports 2 or 3- 
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are energized. This ratio R is V,/V, when Ports 1 or 3. are energized and ~ 
Vy/V, when Ports 4 or 2 are energized. Ilere V, is the balanced voltage 
and V, the unbalanced voltage.* An approximation to R can be obtained 

by the simple procedure outlined below. Inspection of Fig. 2-1 shows 


that when Port 1 is energized 


2 
Laven vi v3 vi 
Se ee et ee (2-15) 
Z, 2 Z, Z, 
or 

2 ‘ 

Se po + : ora: v2 (2-16) 

Z, Te AE a hy 


In deriving Eq. (2-16) use has been made of the fact that 
2 2 = 12 2 
VS ¢ V3 = vd be + avy 
and it is assumed that @~ 6 - 7/2 and Z, x Z, ~ Z over the operating 


band. Recalling that the insertion loss (J.L.) is approximately Vaya 


it is seen that 


2 Ls 292 
vi re ay vie? 1 ~ ie : 
a ia OH x oe + 1 YY (2-17) 
48 MEAG OREO 2vizZ,Z, 
and 
hg 22,2, 
Rei fo  ebs ° (2-18) 
z? 


It is easy to show that Eq. (2-18) also applies to Ports 2 and 3 


when Port 4 is energized and to Ports 1 and 4 when either Port 2 or 3 is 


energized. 


ES 


* When Port 1 of 4 is energised V, = |"; - v,|/2 and Wy = \"3 + Y,|/2- When Port 2 or 3 ise 
energized y, = "1 - Ve|/2 and Vy, = ay + V4) /2- 
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Application of Eq. (2-18) to Magic-T 2 shows that the insertion 


loss between opposite ports is numerically equal to R? at the other two- 
the correct value of R? calculated from 


ports. In Fig. 2-10 is plotted 
Eqs. (2-12) and (2-14) at Ports 2 and 3 when Port 1 is energized. It is 


seen to agree very closely with the approximate value of R? computed by 


Eq. (2-18). In Magic-T 5, Eq. (2-18) predicts that R? is about 4 db 


greater than the insertion loss between opposite ports. 
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CHAPTER 3 


A NONRECTPROCAL, TEM-MODE STRUCTURE FOR WIDE-BAND GYRATOR 
AND TSOLATOR APPLICATIONS * 


A. GENFRAL 


This chapter describes the theoretical and experimental operation of 
a novel formof TEM transmission-line network. This network consists basi- 
cally of a parallel arrangement of two conductors and a ferrite rod within 
a grounded outer conductor. The conductors may be connected in a two-port 
contiguration which provides, in the absence of the ferrite rod, complete 
isolation from zero frequency to the cut-off frequency of the first higher 
mode. With an unmagnetized ferrite rod properly inserted, the broadband 
isolation is virtually unaffected. When the rod 1s magnetized by an axial 
magnetic field, coupling occurs between the two ports by a process analo- 


gous to Faraday rotation. 


The device may be used as a broad-band gyrator, switch, or modulator, 
and with the addition of a resistance load, as an isolator. The bandwidth 
of these components is inherently limited only by the bandwidth capability 


of the ferrite material itself. 


B QUALITATIVE DESCRIPTION OF OPERATION 
1. Gyrator Networnn 


The form of the nonreciprocal TEM transmission-line network that 
functions as a wide-band Byrator, switch, or modulator is illustrated in 
Fig. 3-1. It is seen to consist of a pair of shielded, coupled trans- 
mission lines and an axially oriented ferrite pencil. In a general study 
of many different filter circuits utilizing coupled transmission lines, 
Jones and Bolljahn!' have shown that the circuit of Fig. 3-1 behaves, in 
the absence of the ferrite rod, as an all-stop filter; that is, infinite 
attenuation theoretically exists between the two ports at all frequencies. 
One of the conditions that must be satisfied in order that the network be 
an all-stop filter is that one of the coupled lines be open-circuited and 
the other short-circuited in the manner shown in the figure. The other 
condition is that the phase velocity of the even and odd modes on the 
coupled lines be the same. Both these conditions can be satisfied when 

Condensed versions of this chapter have been published, see: F. M. Te Jonen, Ge Le Matthaei, Ss Bs Coha 
“A nonreciprocel, ThM-mode atructure for wide-band gyrator and isolator applications” IRE Trans MIT, Vol 7 


No. 4 pp 453-460 (October 1959) alan Ee M. To Jones, S. BR. Cohn, Je Ke Shimizu “A wide-band nonreciproce] 
TEM-tranamianion-line network” 1958 ®WESCON Convention Record pe l, pp 131-135. 
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the ferrite is properly oriented in the plane of symmetry between the 
coupled lines. It is found that the proper position of the rod is quite 
independent of frequency so that the composite structure has high attenu- 


ation over a “ide band of frequencies. 


Vhen an axial magnetic field is applied to the ferrite rod, it rotates 
the plane of polarization of the linearly polarized transverse RF magnetic 
field existing along the ferrite rod, and energy 1s coupled between the 
input and output ports.. Vhen the axial field is increased to the point 
where the RF magnetic field is rotated by 90 degrees, virtually all the 
energy 1s transferred. When the cross section of the ferrite rod is small 
in terms of wavelength, and the operating frequency is far removed from 
the ferromagnetic resonance frequency, the rotation of the plane of polar- 

—————+zation per unit length by the ferrite is essentially independent of fre- 
quency. Therefore, low insertion loss is experienced over a wide frequency 
range. [Decause the plane of polarization of the RF magnetic field is 


rotated in the same sense with respect to the positive direction of the 
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FIG. 3-1 
WIDE-BAND GYRATOR 


biasing magnetic field, independent of the direction of propagation through 
the device, it can be seen that the signal undergoes 18 degrees more phase 
shift while passing through in one direction than it does while passing 
through in the opposite direction. Thus the device functions as a gyrator. 
It may also be used as a switch by abruptly changing the magnetizing field 
from zero to the strength that gives full transfer of energy, or it can 


be used as a modulator by continuously varying the field. 


2. Isovator 


The configuration of the network that 1s most suitable for use as an 
isolator 3s shown in Fig. 3-2. The diagrams at the bottom of the figure 
illustrate the manner in which the RF magnetic field at the axis of the 
ferrite rod is rotated in passing through the device in either direction. 

It can be seen that when a signal travels from left to right the RF magnetic 
field is initially oriented at an angle, #,, somewhat greater than 45 degrees 
to the horizontal. Since there is no voltage induced in the short-circuited 
line on the upper left, the resistive termination placed behind this line 
does not attenuate the signal. The RF magnetic field on passing through 

the ferrite is rotated through an angle ¢, so that at the output it is_ 


horizontal. <A signal entering from the right also has its RF magnetic field 
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FIG. 9-20 
WIDE-BAND ISOLATOR 


rotated ¢, degrees as it passes throuyh the ferrite so that all the power 
is transferred to the upper line where 1t is attenuated by the resistive 


termination at the left-hane’ en’ of the network. . 


C. PERTURBATION ANALYSIS OF NONRECTPROCAL COUPLING BETWEEN 
A PAIR OF SHITFLBED CONDUCTORS 


A more detailed picture of the behavior of the various forms of the 
device may be obtained by analyzing the nonreciprocal coupling between 
shielded conductors using perturbation theory This theory is exact for 
ferrite rods having infinitesimal cross-section areas, and is qualita- 
tively correct for the ferrite rods used in practice. The first-order 
perturbation expression for the propagation constant I of uniformly loaded 


; : A -. 2 
transmission line is 


oo s > eae e 
yu | ( aad E, bie Moni Ff y H, Ny )do 
. As 
PS] (3-1) 
. . ° . 
| i(k am se nw 
'S 
In this expression 
of the propagation constant of the unperturbed 
system, which will be assumed to be lossless 
w = angular frequency of the RF field 
As = cross-section area of the ferrite—in square 
meters 
S - cross-section area of the transmission 
line—in square meters 
eo 
Ny — effective tensor electric susceptibility of 
the ferrite — 
ae . . . . . 
vill - effective tensor magnetic susceptibility of 
the ferrite 
E,W = electric and magnetic: fields everywhere across 
the section of the transmission line with the 
ferrite in place 
F.. Hy ~ electric and mapnetic fields everywhere across 


the section of the transmission line in the 
absence of the ferrite 


26 


i > unit vector in the direction of propagation 


8 
* = symbol denoting the complex conjugate 
fg 10°°/367 farads per meter 


He: = 4 * 1077 henries per meter. 


In evaluating Fq. (3-1) one customarily assumes that FE = E, and that 


HH. 


“Vhen the ferrite is unmagnetized, the effective electric suscepti- 


bilaty is a scalar, and if the ferrite is cylindrical in cross section 


xi has a value 2(e¢ - 1)/(e +1); where « is the relative dielectric con- 
stant of the ferrite. Likewise the effective magnetic susceptibility of 


an unmagnetized ferrite 1s a scalar and if the ferrite is cylindrical in. 

cross section xf hasuarvalun ced op 1) te! 1) where a. is the felats vec 
initial permeability of the ferrite In the following discussion it will 

be assumed that both € and yw are real. With the ferrite rod in position 

and unmagnetized, the propagation constant ae of the even mode as deter- 


mined from Fq. (3-1) is 


Sr ee ay feel 
GiLNGIP (io apt ol eats 
Maine pe ; ) Aaa | 


ee : (3-2) 


Similarly the propagation constant #s, of the odd mode-is related to the 


unperturbed odd-mode propagation constant, ky, as 


Cmceal Lie en 
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ey 
eae ky a ts (3-3) 
4Al*z 
0 00 
In these expressions 
Hl = RF field existing at the axis of the ferrite. in 
the absence of the ferrite when the device is 
excited in the even mode (ti e¢., equal in-phase 
currents IT, flow on the conductors) 
Hy = RF magnetic field existing at the axis of the 


ferrite. in the absence of the ferrite. when the 
device is excited in the odd mode (i.e., equal 
out-of-phase currents 1) flowing in the center 
conductors) 
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Z ~ characteristic impedance of one center conductor 
te ground with equal in-phase current I, flowing 
in the center conductors 


Z = characteristic impedance of one center conductor 
to ground with equal out-of-phase currents I, 
flowing in the center conductors. 


In order that there be no reciprocal coupling between the conductors the 


ferrite rod must be oriented so that the phase velocities of perturbed 


even and odd modes are equal: That is, 
A gp Fabel RL egg (3-4) 
e o 
Substitution of hasty (3-2 and (3-4)) fae nq. (3-4) shows that 
H i 
e ° 
= = : (3-5) 
IZ, : qT) See 


Thus it is seen that if the even and odd modes carry equal power they will 
produce equal RF magnetic fields at the center of the ferrite rod. How- 
ever equal evan and odd rode currents do not produce equal fields at the 


center of the rod 


The amount of nonreciprocal rotation per unit length 6 of the plane 
of polarization of the wave at the axis of the ferrite rod as well as the 
attenuation per unit length a can be determined by first resolving the 
wave into right- and left-hand circularly polarized components. Then 
from the prapagation constants a, + y.:, and a, + Jo. of the right- and 
left-circularly polarized waves one computes the nonreciprocal rotation 


per unit length & from the well known relation 


A> 6, 
6 ‘zs = 
2 (3-6) 
and the attenuation a from 
PRE oer fe 
a > eee = 
( > (3-7) 
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The expression for the propagation constants of the two waves as deter- 


mined by perturbation theory is 


Cy ak 
apgds (i? + u2) [a(—2) + xt] 
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aa (3-8) 
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apigds (H? + H?)y tess 
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In these expressions 
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where 
wl y4nM 
4nM = saturation magnetization— gauss 
y/2m = 2.8 Me/ oersted 
woe? TH, 
Hye = applied internal field in the ferrite 
rod—in oersteds 
Wes ‘ ay + w/2 
TANG >? C7 YOU), weet w/a» 
Bisse phenomenological relaxation time as defined 
by Lax 
AH + ferrite linewidth measured to the one half 


amplitude points, 
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If one substitutes Fg. (3-100) into Fq. CTII-8) and makes the usual 


approximation that (ae i fara)? <: um ere ii a)? one finds that 
Ge elt alg: \s (H? + Hwa, : 
BU eae ee pris (3-11) 
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11°Z piyi ts cy a Se ee aw) 


To the same approximation substitution of Pq. (3-10b) into Faq. (3-9) 


yields 
a, * a2 rligds HH? + Haw tot eta 
aloo = Lares — | {Jena 
a 9 ae a Aes ae 7 w?) 2 
combining Fqs. (3-11) and (3-12) yields 
2 + ait 
] “res i 
al = ——————}rl. (3-13) 
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Equation - (3-13) shows that for a given total rotation ¢l the total 
attenuation al experienced by a signal is independent of the cross-section 
Beometry. In the experimental gyrator and isolator described later in 
this section the ferrite used is Ferramic R-1. This material has a line- 
width 4H of about 500 oersteds at an operating frequency of 9000 Me This 
value of line width yields a9? > @T of about 12.7 over a wide band of 
frequencies centered at 9000 Mc. Wenee it is seen that far from resonance 
the theoretical attenuation through the pvyrator. which has a &l = n/2 radians 
is about 1.07 dh. The theoretienl minimis forward attenuation through the 
isolator which has a #! of about 0 9] radian is 0 62 db. Inspection of 
hq. (3-11) reveals that at frequencies removed. from the ferromagnetic 
resonance frequency, the rotation (l is independent of the operating fre- 
quency It is also seen that @l increases with the ferrite length ?, the 
saturation magnetization 47M, and the cross-section area of the ferrite 
rod As. Also @1 increases when the operating frequency approaches the 
resonance frequency: however, it is seen that operating near resonance 
also increases the attenuation. For a given size of ferrite the amount 

of rotation is proportional to the ratio nes Th (the square of the total 


unperturbed RF field at the axis position of the ferrite to 4122 +4 iee 
oe >” 00 


30 


(twice the total power trandmetued along the ferrite-loaded structure). 
In general it is very abt ule to determine this ratio quantitatively; 
however, it has been done for the case of thin, flat, co-planar coupled 
stripe using a conformal mapping technique. The results of this analysis 
shew that this ratio increases as the gap between the coupled strips is 
decreased, At the same time it is found that the position where the 
magnetic fields of the even and odd mode are equal for equal power in the 
two modes moves closer to the plane of the coupled strips as the gap 
between the strips is decreased It seems likely that this behavior will 


obtain for other conductors having different cross-section shapes. 


D. DETAILFD DESCRIPTION OF OPERATION 
1. GyYnaton 


When the correct biasing field for gyrator action is applied to the 
ferrite rod: shown in Fig. 3-1, perfect transmission is achieved through 
the network, assuming a reflectionless and lossless ferrite. when the 
terminating impedances at Port 1 and Port 2 are equal to the input imped- 
ances at each of these ports when the opposite port is terminated in a 
matched load. The input impedance at Port 1] under these conditions can 
be readily computed by noting that a signal entering Port 1 excites even 
and odd modes on the coupled lines, having equal voltages V/2 since it is 
necessary to have zero voltage on the shorted line. Hence the current 


flowing on the coupled line connected to Port’ 1 is W/2 L1/Z,. + 1/Z, 4) 


while that induced on the shorted line is V/2 CV/Z * = Wee}: Therefore, 
the input impedance at Port ] is a Ne Ae At i Aa In a like manner 


it is seen that a signal entering Port 2 excites even and odd modes having 


equal currents, I. Hence the voltage on the line connecting to Port 2 is 
(Z + 2.) while that induced on the open-circuited line is I(Z see Adee 

ve oo ‘ oe or.) 
Therefore, the input impedance at Port 2 is (Zee + Z,,)/2. 


The inclination angle ¢ of the RE magnetic field along the axis of 
the ferrite as a signal passes through the gyrator can be computed in the 
following fashion. When a signal is incident on Port 1] with voltage 
amplitude V, the amplitude of the even current ns is V/22.. on the coupled 


lines while the amplitude of the odd current I,, is “V/2Z. Referring to 


* Pere C of thin section, 


** The arrows indicate the direction of power flow through the device with reference to Fig. 3-). 
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Fig 3-1 and remembering the condition of Eq. (3-5)... .t is seen that 
the even current produces an a-directed component of mannetic field 

oe : hes at the axis of the ferrite rod having an amplitude proportional 
to WiFi d The odd-mode current produces a y-directed component of mag- 
netic field Hy, He.) at the axis of the ferrite rod having an amplitude 


proportional to 1/+2,>. Thus 


. Hy, are 
tan ¥ —— : (3-14) 
: Lee | 4 ° 


As the signal passes through the magnetized ferrite the plane of polari- 

zation of the field at the center of the ferrite rod rotates clockwise, 
: Fea eras a en, 

however its magnitude +o * He as unchanged. When the wave reaches the 

” 


end of the fertite rod adjacent to Port it as necessary that 


Ty, = Ig, > N34) 02,0 an order that all the signal power will pass out 
Port 2. Therefore the inclination angle J, 1s 5 
z I! Z 

x «Vv oo 
tan ——- = - 
2 = 
i, ey. 
s 


showing that the plane of polarization of the wave at the center of the 
ferrite 1s rotated 96 degrees in passing once through the gyrator. When 
a signal passes through the device from Port 2 to Port ] the plane of 
polarization of the RE magnetic field is rotated in the same sense with 
respect to the biasing field as shown in Fig. 3-1. Hence, as explained 
above this device functions as a gyrator, since a signal undergoes 

180 deyrees wore phase shift in poing through the device in one direction 


than the other. 


2. Vinpet-banp [sorator 


Vhen the correct biasing field is applied to the ferrite rod. shown 
in Fig. 3-2 for isolator action, 1t is seen that zero forward loss is 
achieved, again assuming a lossless and reflectionless ferrite when the 
characteristic impedances of the lines connected to Port ] and Port 2 
are 22,2, ,/(Z,, + Z,,) and Z /2, respectively. Furthermore it is neces- 
sary that the termination within the isolator perturb the phase velocities 


of the even and odd modes equally 
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When a signal is incident on Port ] the inclination angle @, of the 


RF magnetic field at the axis of the ferrite rod is ty fd ed on Ne 
As the signal passes through the isolator the plane of polarization of 

the field at the’ axis of the: rod ls rotated until p, 1s zero at Port 2 

“hen a signal is incident on Pont 2 the sang le of inclination a of the 
field at Port 2 is again zero As the signal passes through the device 

the RF magnetic field is rotated in the same direction with respect to 

the biasing magnetic field so that the inclination angle L, of. the magnetic 
field at the center of the ferrite rod nearest Port l-is ?, : Di. This 
orientation of the magnetic field corresponds to zero RF voltage on the 
line connecting to Port ] and maximum voltage on the line containing the 
termination. which is the optimum condition for a large absorption in the 


termination. 


It is interesting to note that should the direction of the biasing 
magnetic field be reversed. a signal incident on Port 2 will propagate 
through the isolator and emerge unattenuated from Port 1. However it can 
be seen that a signal incident on Port ] after passing through the isolator 
will set up both even and odd mode currents on the lines adjacent to Port 2. 
The energy in the even mode will pass out of Port 2 while the energy in 
the odd mode will be reflected at the T-junction and later after retravers- 
ing the network be absorbed in the termination, Thus, other factors being 
the same, the réverse loss is less for this orientation of biasing field 


than for the correct orientation of the biasing field shown in Fig. 3-1. 


However, as discussed in Part. F. measurements made on an isolator 
indicated only a small difference in attenuation when the H field was 


reversed 


F MEASURFD PERFORMANCE 
] GYRATOR FXPERIMENTAL RESULTS 


A photograph of the experimental model of the wide band Byvator is 
shown in Fig 3-3. Its measured performance is shown in Fig. 3-4. 
‘The cross-section dimensions of the coupled strip lines and the Ferramic 
R-1 ferrite rod ore also shown in the figure. The over-all] length of the 
coupled lines is 8 inches. The over-all length of the ferrite rod is 
5.75 inches and each end is tapered over a length of 0 625 inch The 


theoretical values of Z,. and Z,, are 139 and 88 ohms respectively 
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- These values were computed from pas: (24) and (25) of Ref. 1 suitably 


modified to account for the increased self-capacitance of the lines caused 


by the presence of tke vertical side walls of the outer-conductor of the 
network. ‘apered transitions were employed at either end of the gyretor 
to match it to the SQ-ohm impedance level of the measuring equipment. 

The transition at Port 1 trensformed between 50 ohms and 2 250/(Z,, + Z,.) a 


1Of® obrs while the transition at Port 2-transforred between 50 ohms ond 
(Z + Z,./2 © 114 ohms. 


It is seen that with no !C biasing field applied, the insertion loss 
through the gyrator is greater then 20 db except near the highest fre- 
quencies measured where it drops to 16 db. Vhen the magnetic field is 
applied to obtein gyrator action the insertion loss decreases to less than 
2 db except at a few isolated points in the band: At the upper end of the 
band the insertion loss averages about 1 db in agreement with the results 
of the perturbation analysis. Although the date were not recorded it is 


believed that the gyrator shown would operate satisfactorily down to fre- 


quencies es low os 5.5 kNc since one of the experimental isolators described 


in the next section operated down to this frequency: 


pps ee 


6. 
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) FIG. 3-4 
MEASURED PERFORMANCE OF WIDE-BAND GYRATOR _ 
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It is believed that the insertion loss of the gyrator could be 
reduced by a factor of 10 by erploying > vttrivin iron garnet rod which has 
a line width of about 50 oerste ls, rather than the Ferramic !t-] which kas 
a line width of about 500 oersteds. No exteniled effort was made to perfect 


the gyrator shown in Fig. 3-3; doubtless with further work it could be 


improved considerably. 


28 ISOLATOR PXPERIMENTAL iESULTS 


An experimental isolator desipzn was constructed having cross-sectional 
dimensions as shown in Fig. 3-5. In this case the even and odd mode 


90.4 ohms. ‘Then, by 


" 


. j . . rs ? 
impedances are approximately fy © LARS anlage 
Part F-2, the input impedance at Port 1 in Fig. 3-2 is L, Cog ge )= 


112.5 ohms while the input impedance at Port 2 is Zoe/2 = 74 ohms. In 


order to match the 1)2 5-ohm impedance at Port 1] to 50 ohms, a 2.4-inch 


taper section was used at that end At Port 2 it was possible to achieve 

a good match by adjusting the position of the Y-junction with respect to 

the end wall, and by altering the diameter of the conductor between the 
Junction and the end of the box. In order to test the VSVE of the trans-_ 
itions, long tapered sections of Polyiron were placed beside the conductors - 


to act as terminations inside the box. 


fhe isolator whose cross section is shown in Fig. 3-5 used a 
0.147-inch diameter rod of Ferramic R-] ferrite, 5.70 inches in over-all 
length with each. end tapered to a point in a distance of 1.2 inch. In 
order to determine the optimum position of the ferrite rod, the rod was 
suspended in the box by threads with metal pull rods and calibrated ad- 
justing nuts. In this manner it was possible to adjust the position of 
the ferrite rod while the isolator was in operation. Since the reverse 
loss is the most sensitive test of proper operation, the rod was positioned. 
in such a way as to optimize the reverse loss characteristic. Decause the 
thread system used for holding the ro?t-was not very rigid, the rod position 


indicated in Fig. 3-5 can be regarded only as a close approximation. 


Vefore the perturbation analysis in Part C was completed it was thou: he 
to be theoretically correct for the forward loss to be measured from Port 1° 
of the isolator with the field as shown in Fig. 3-2, while to obtain the 
reverse loss characteristic one could either keep the Hl-field fixed and 
‘ee! power in Port 2, or one could continue ‘to feed the power in Port ] 
and simply reverse the direction of the fl-field. Since the thread supports 


for the ferrite rod were not rigid, it was desirable to reverse the solenoid 


36 


I 


— - eee ee = 


current rather than disturbing the set-up to reverse the directiun ol 
power flow. Tests showed that reversing the Il-field and reversing the 
direction of power flow appear to give the same results within what ap- 
peared to be experimental error, so the data in Fig. 3-5 were taken 
with power fed in Port 1 with the H-field as in Fig. 3-2 for the for- 
ward loss characteristic, and with the H-field reversed to measure the 


reverse loss characteristic. Later, the perturbation analysis of Part C 
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FIG. 3-5 


MEASURED RESPONSE OF A TEM MODE ISOLATOR USING A 0.147-INCH-DIAMETER 
R-1 FERRITE ROD, 5.70 INCHES IN OVER-ALL LENGTH WITH EACH ENO TAPERED 
TO A POINT IN A DISTANCE OF 1.2 INCHES 


37 


was completed, and it showed that the amount of field rotation in the 
fevice should not be 45 tlegrees but somewhat greater than 45 degrees. 

This implied that o reverse loss characteristic measured by reversing the 
H-field should not be cuite the seme for this device as that obtained by 
reversing the direction of power flow. Consequently, the later data of » 
Fig. 3-7 were taken by reversing the direction of power flow. However 
in that case the difference between the reverse loss measured by reversing 
the H-field ond that measured by reversing the direction of power flow was 


found to be small. 


As can be seen from Fig. 3-5, the device had quite high isolation 
(t.e., reverse loss) over a considerable bandwidth. The forward loss was 
around 1.0 ‘Ib over most of the band with a few peaks reaching a maximum 
of 1.6 db. It is interesting to note that the VSR at Port 1 ranged as 
high as 2:1, while spot checks taken at Port 2 consistently indicated VSVR 
of considerably lower values. These two observations appear to be con- 
sistent with the hypothesis that due to some extraneous effects such as 
higher-order modes or reciprocal coupler action caused by the presence 
of the ferrite rod, the optimum rotation angle for the forward and reverse 
loss characteristics is not quite the same. Since the fl-field and ferrite 
rod position was so selected as to optimize the reverse loss characteristic, 
the forward loss characteristic would not be optimum if there were any such 
extreneots effects, The VSVTy ot Port 1 wes the same regardless of the 
H-field direction, and the same was true for the VSVR at Port 2. The fact 
that the VSVR at Port 1 is higher than that at Port 2 is logical since, 
for example, if the amount of forward-direction rotation were not exactly 
correct, power fed in Port 1} would be partially reflected at the Y-junction 
near Port 2. However, consideration of Fig. 3-2 will show that when 
power is being fed into Port 2, the direction and amount of the rotation 
will primarily control the division of power between the power sent to the 
termination at Port 1 and the power sent to the adjacent internal termina- 
tion. Thus, an error in rotation angle should have little or no effect 


on the VSR seen looking in Port 2. 


In order to obtain a better understanding of the response in Fig. 3-5, 
the data in Fig. 3-6 were taken. In this case the solenoid current was 


adjusted at each frequency so as to peak the reverse loss. These data show 


- 
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that at both the relatively low and the relatively high frequencies less 
solenoi! current (an? less /l-field) is required.  & possible explanation 
of this is that less Il-field is recuired at the lower frecuencies ‘ue to 
the proximity of ferrorapnetic resonance. The perturbation analysis of 
Fart C is consistent with this view. Also, it has been noted in vavevui‘le 
ferrite rotator sections that for a given field strength the amount of 
rotation will increase with freanency due to increased concentration of 


cner.y in the ferrite rod, 3 


This appears to be a logical explanation for 
the 'ecrease in field streneth reauired to pive the‘ desired rotation at 
high frequencies for the case of kip. 3-6. It as probable that the 


rotation coul? be kept rore constant with frequency for a piven Hl-field 
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FIG. 3-6 


DIFFERENCE BETWEEN REVERSE AND FORWARi) LOSS FOR THE ISOLATOR 
IN FIG. 3-5 WHENAT EACH FREQUENCY THE SOLENOID CURRENT IS 
ADJUSTED TO GIVE PEAK REVERSE LOSS 
(The sdenoid current used to give peck reverse loss is also plotted.) 
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by introducing dielectric loading in the isolator box. Ly this technique 
sore of the energy can be drawn away from the ferrite rod at the higher 


frecuencies.3 


In hopes of retneing any possible bigher-order mode effects, tests 
were made with a ferrite rod of smaller diameter, and metaltic inserts 


vere placed im the roof of the tsolator bex in order to constrict the 


cross section of the aselator. The inserts were tapered at the ends so 
as not to disturb the end impedanee matches. The cross section was then 
as shown in.Fiew. 3-7. The ferrite rod was kerramic R-}, 0.100 oneh in. 


‘rareter. 6.00 inches in over-all leneth. wath each en} tapered to a point 


tna distance of 0.5 ineh. The distance x in the eross-section drawing in 


baie. 3.7 owas eeoroviretely 0.070 inch) antl from reasnrerent of the ferrite 


support thread lengths after disassenblines the isolator. it appears that 


the rot ray bave had a small aronunt-of vertical talt an its position. Once 
dearn. the position of the rod was arrive! at by adjusting for optimum 


reverse loss 


The asealator of kage. 307 apparently should have had a longer ferrite 
ro!, since for frequencies beyond midband it. was not possible to peak the 
reverse loss at oa definite solenoid current as was possible in the case of 
hag. Ben. Ising the isolator of kip 3-7, an attempt was made to see 
if the forward loss could be optimized at some definite solenoid current 
so as to vive arinimum loss. Once apain it was possible to attain a 
definite optimum point only at the lower frequencies which again indicates 
that the rod was not long enough to pive sufficient rotation at the higher 
frecnencies. At frequencies in the 7- to ®-kVe band the optimum loss values 
ran aroun! 0 5 dh. or sonewhat Jess. which arrees fairly well with the 
perturbation analysis and should be indicative of what optimum performance 
of the isolator would be. As seen from Fiz. 3-7, the VSUP at Port-1 of 
the isolator ais rather hiphk, Just oas in the case of Fig Yate while the 
Vai fat Vort 2 is auite, toes Ih thia cascupneerison. lussiilate were taken 
for hott lirections of the H-field and for both directions of power flow. 

“The Ai fferences in the measured clata were quite small althourh operation 


with the Il-field as shown was slightly better in the forward lass character- 


}stic. 


It is interesting to note that in the case of Fie. 3-7 there appears 
to be insufficient rotation at the higher frequencies regarcless of the 


applied W-fielt, while for the case of hiv. 3-5 there is too much 
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FIG. 3-7 


MEASURED PERFORMANCE OF A TEM MODE ISOLATOR USING A 0.100-INCH 
DIAMETER R-1 FERRITE ROD 6.00 INCHES IN OVER-ALL LENGTH WITH EACH 
END TAPERED TO A POINT IN A DISTANCE OF 0.5 INCH 
(Metal inserts were introduced in the roof of the box inorder to 
reduce the possibility of higher-order modes.) © 
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rotation at the higher frequencies unless the H-field is reduced. The 


adequate rotation achieved at the lower frequencies for the case of 
Fig. 3-7 may be due to the proximity of ferromagnetic resonance, 
the high freevency enerry concentration effect 


to Figs. 3-5 and 3-6 


while 
discussed with reference 


may not be sufficient in this case to overcome 


the effect of a ferrite rod which is too short for its diameter. 
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CHAPTER 4 
FORWARD-COUPLING HYBRID JUNCTIONS IN STRIP LINE 


A GENERAL eed : 


Hybrid junctions are familiar components of many microwave systems 
The term hybrid junction is used here to mean a four port device that 
accepts RF power at any one port, divides the power more or less equally 
between two of the other ports, and maintains a relatively high isolation 
between the remaining port and the input port The increasing use of 
strip line in microwave applications has led to a number of strip line 


Ae ‘ f 
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structural configurations capable of hybrid performance, 
of configuration for a particular application must often be made on physi 
‘cal considerations, such as size shape, and locations of ports For 
instance, when balanced output is required over a very broad band, the 
backward-coupling hybrid described by Shimizu’ can be recommended How- 
ever, the balanced cutput ports of this coupler are diagonally opposite 
each other, and separated by tlie length of the coupler In another 
instance, such broad-band performance may not te required, while a closer 
arrangement of the output ports may be very desirable This can be accom 


plished by a forward coupling hybrid 


B: TYPES: OF HYBRIDS TO BE CONSIDERED 


Hybrid: performance directional couplers with adjacent output ports 


are forward-coupling <A familiar example of this in waveguide is the 


5h 


short -slot hybrid. With only one of the input. ports excited. this 


type of coupler is characterized by two propagating orthogonal modes of 


different phase velocities in the coupling region These modes, desig- é 
nated the odd mode and the even mode, combine to match the input boundary i 
conditions of applted voltage at one port and zero voltage at the adjacent F 
port. In traveling down the coupling region, they undergo phase delay at p 
different rates, and combine at the output ports to yield. voltages in 


quadrature, whose amplitudes depend on the length of the coupling region. 


—— pe 


The forward-coupling hybrid to be described in this chapter uses the 
even and odd zero-order orthogonal modes which can exist on a pair of con- 


ducting strips separated from each other by an air gap, and from parallel 
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ground planes by a solid dielectric Chapter 5 will describe the 
performance of a forward coupling hybrid which uses the TEM mode and the 
first higher order mode which can propagate along a single flat strip 


between parallel ground planes 
C. DESIGN CONSIDERATIONS 


] DESIGN PROBLENS 


Certain considerations apply to all forward-coupling hybrids, inde 


pendent of the particular construction used. 


Performance of the hybrid as defined by power division, isolation, 
and VSWR, cach given over some band of frequencies It ts assumed here 


that the hybrid is losstess, bilateral linear, passive. and in this case, 


symmetrical From a consideration of the scattering matrix of a perfectly 
symmetrical forward coupler.) Biblet® has shown that complete isolation 
implies perfect match It can also be shown that reflection in either the 


odd or even mode, but not both, scatters equal -amplitude voltages out the 
input port and the adjacent. or tsolated, port Therefore, if the hybrid 
has low VSWR over a band of frequencies, it implies a high isolation The 


major design problems reduce to the following. 


(1) Power accepted at one port to be equally divided 
between two other ports This is the condition of 
balance 


(2) Power division to he as flat as possible over the 
broadest possible band 


(3) Reflected voltage from each mode to be zero at 
© center of coupling band 


(4) Change in reflected voltage for each mode to be as 
small as possible over the coupling band 


It would be desirable to satisfy all these requirements simultaneously 
In practice they are not independently adjustable, and so compromise is | 


made where necessary 


The basic circuit to be considered is pictured in Fig. 4-1: Tt con- 
sists of two arbitrary, lossless. coupled transmission lines with each end 
terminated in a real impedance Z, When the generators produce equal- 
camplitude in aWaee voltages, even-mode voltages appear at Ports | PR Ao, 
and 4 When che generators pEGd tee oppositely phased equal-amplitude 


voltages, odd mode voltages appear at the four ports The effects of any 


AA 


other excitations can be found by adding the resulting even and odd- mode 
voltages at each of the four ports The even- and odd mode character. 
istics of each of the. two hines--can be expressed in terms of the ABCD 
parameters. or other convenient parameters, for any specific structure. 
In a forward coupler the even and odd modes have different phase veloci- 
ties, and different characteristic impedances, of which one is equal to 
the terminating-line characteristic impedance, Z, By even- or odd-mode 
characteristic impedance is meant the characteristic impedance of a single 
one of the lines to ground when Operating in that mode For non-uniform 
lines, image impedances apply rather than characteristic impedances, but, 
as used in this analysis, the two impedance designations are analytically 


equivalent 
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FIG. 4-1 
BASIC COUPLER CIRCUIT 


In the frequency range where ower division is near balance, rela. 
q B po 
tively simple working relations can be used to describe the performance \ 


of forward coupling hybrids 


2 Power Division 


Approximate relations among input and output voltages can be estab 
lished with the aid of Fig. 4-] by assuming that the coupler is perfectly 
matched The results can be applied to slightly mismatched couplers by 
using insertion phase delays for @ | and @,. rather than image phase shifts. 
Under these conditions, and assuming appreciable mismatch exists in only 
one mode, the following formulas Rive results within about 0.005 db of an 
-exact formula for the divided output powers within 1 0.db of each other 
and for a voltage transmission coefficient greater than 0.9 (inpuc VSWR, 
typically, less than about 1.55) All are exact at OS ew OL ® For 


power division greater than 1.0 db, the tangent formula [tiq. (4-4)) is 
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much more accurate than the linear one ‘lq. (4-5)... Nerther should be 


used for voltage transmission coefficients less than about 0.9, except 


very close to equal power division Numeric subscripts refer to the port 
involved, and e and o subscripts refer to even and odd modes Signal is 
applied at Port 1. The derivation is as follows. 
Voltage at Port 1 Vga PS PAY ed PRU ered 
; - i= ALS ae) 
Voltagesat Portelsar i) Vo: Hes avis a Yo : Lew? Fret I) 
(4-1) 
Voltage at Port 3 Viger Ma Fae 0 
BGs , ; BON ap Orgs es 
Voltage at Port 4 vy Vee masters. AE e ) 


Voltages at Ports 2 and 4 the output ports, can be written as 


smray ro Ty r4 ples ps 
V = ¢ aa HORE) paneer 
2 9 
(4-2) 
- 71,490 )/2 ote bins 
V, Zi je. sin S 
lv| 
Power division 1s now defined as 20 log 9 lv.1 (4-3) 
2 
de fue caee 
Power division = 20 Tou), tan ee Ge) UCAS : (4-4) 


This relation is plotted in Fig. 4-2. Of specific interest is the 
information that the phase difference between modes must be 90 degrees 


for balanced output 


For small deviations from 1a. = é | - 90 degrees, the following 


approximation holds. 


Power division - 0.15 (|@, ~ @,| - 90°) decibels . (4-5) 
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FIG. 4-2 
PHASE DIFFERENCE -EVEN AND OOD MODE 


3. PoweR Division FLATNESS 


The phase shift curves for even and odd modes are such that the 


simplest approach to constancy of equal power division is to try for 


maximally flat performance. This requires setting the power division to 


Bive balance at band-center, and then setting the rate 


division with frequency to equal zero at band-center. For flatness of 


power division 


or 


(4-6) 


d10 8 4 
= 0 
df 
dO, dO 
af ap 
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of change in power 


at band center That as) graphs drawn of VM, and. ¢) as functions. of fre- 
quency should have equal slopes where their difference is 90 degrees 


This will be tllustrated when actual structurés are discussed 


4 REFLECTED Waves 


The two modes in the coupling region have different characteristic 
impedances In practice, the Input and output Tines assumed ident ical, - 
are matched to one of the coupling region modes in magnitude and in varia- 
tion with frequency The “reffection from the other mode is set to zero 
at bandcenter by adjusting the coupling region length to’ be resonant 


Thus, the match to this mode: is length and frequency -sensitive 


5 CHANGES IN REFLECTED VoLTAGES PITH FREQUENCY 


If the transition from input and ontput lines to the coupling region 
is made smoothly enough the nonresonant mode suffers negligibly small 
reflected waves The other mode produces a VSWR varying with frequency 
pertodically from unity to some value dependent on the ratio of che 


feeding line characteristie impedance to the resonant mode characteristic 


impedance Off resonance it’ causes an Input arm reflection in accordance 
with 
gta at (4-7) 
e . ae ay 
2 l + Lj hy 


for perfect balance, where » va the ratio of reflected-to-incident voltage 
in the input port, and Z, Z, 1s the ratio of the Input impedance of che 
resonant mode to the characteristie impedance of the single mode existing 
in the input port An equal voltage is scattered into the normally de 


allows for 


coupled port and this decermines the isolation The factor 
the division of incident power into che two coupling region modes, and the 
subsequent division of reflected power between Input port and its adjacent 
isolated port It aus obviously desirable to operate near resonance, an 


order to keep the reflected voltages low on magnitude 


— eee 
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D. DESIGN OF ZERO-ORDER-MODE HYBRID JUNCTION 
1. CONFIGURATION | 


The hybrid configuration of this report uses flat, parallel strips 
stacked between ground planes, as shown in Fig. 4-3. The strips are 
surrounded by a dielectric of relative dielectric constant greater than 
unity, but are separated from each other by an air-filled gap. Even and 
odd modes have electric field. patterns as shown in Figs. 4-4(#) and 
4-4(b). For wide strips spaced close together these sketches indicate 
that the gap has little effect on the even mode, which thus travels very 


nearly at the velocity of light in the dielectric, but does substantially 


«FIG. 43 
VIEW OF ZERO-ORDER-MODE FORWARD COUPLER 


affect the odd mode, causing it to travel at a greater velocity. The 
dielectric of higher constant is used outside the strips rather than 
between them to reduce the unavoidable initial difference in character- 
istic impedances, resulting ultimately in better performance than would 


be obtained with the dielectric between the two strips. 


2. Stupcre Tueorny: Desicn RELations 


The structure is filled with a dielectric of constant €, except for 


the air gap between strips. 


Let 


C = Even-mode strip capacitance per unit length to ground 
for a single strip 
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C, = That part of the odd mode strip capacitance per unit 
length to the effective ground plane between strips, 
for a single strip, when the air gap is filled with 
dielectric of constant ¢, 


L, = Even-mode inductance per anit length for a single strip 
L, Odd-mode inductance per unit length for a single strip 
Zoe - Even-mode characteristic impedance for a single strip, 


assumed to be the same when gap between strips 1s 
filled with either air or dielectric 


Odd-mode characteristic impedance for single strip 


20 

Z,, _  Odd-mode characteristic impedance for a single strip 
when air gap is filled with dielectric of constant € 

v.. >  Even-mode phase velocity 

wi, = Odd. mode phase velocity 

c -- Velocity of light in-free-space 


Then the following approximate 


formulas hold. 


Ly 
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Use of an averaged static capacitance in the composite structure along 
which the odd mode propagates is a simplifying approximation. The actual 
fields in such a composite structure are not purely transverse However, 
as long as strip width and plate spacing remain small compared to wave- 
length, it is reasonable to assume that the over-all effect of the compos- 
ite structure is the same as a similar line having a homogeneous 

“ averaged-out’’ dielectric In addition to frequency and coupling region 


_ Z, and €.. However, 
oo v 


length, hybrid performance is determined by Z,, 
it is convenient to relate Z’,) to Z,. so that design data for strips im- 
mersed in homogeneous dielectrics (given in Chapter 6), can be used to 


find physical dimensions. 


As an initial step in making a directional coupler of this device, 
the characteristic impedance of the even mode is set equal to the charac- 
teristic impedance of the input and output lines. The odd mode is thus 
unmatched, until the length of the structure is set to an integral number 


of half-wavelengths for that mode That is, for odd-mode match, 


bar (4-9) 


where A’ is the wavelength of the odd mode, and L is the length of the 
coupling region. This defines n as the length of the coupling section in 


half wavelengths of the odd mode at the design frequency. 


For balanced output, the phase difference between modes over the 
length of the coupling region must be 7/2 radians Other output ratios 
are also possible for this type of coupler For instance 7 phase dif- 
ference transfers all the input power to the diagonally opposite arm, and 
n/S gives an output power division of -9.8 db. For the general coupler, 
phase difference will be specified as 7/m For hybrid performance, m = 2. 
The phase difference between modes over a coupling length L for specified 


coupling is given by 


2nL 2nL an a : 
Pa we 
if the odd mode is matched. From this, 
ArG 
| Reh Ch eerarenomne aa KEE RRTRRE (4-10) 
Qm(A' - AL) 


If this length is set equal to the length for odd-mode match. and re- 


arranged, there results 


ri iy 
BESS AS Toland (4-11) 
rN An 
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Substitution in Fq (4-10) vives 


L taps veel 
ae as (4-12 
Ay 2m Vee 


where A, is the free space design center wavelength . : 


Equations (4-4) and (4-5) showed power division to be a function 
of le. = é |; the absolute difference of insertion phase lengths of the 
two modes over the coupling region Through a standard ABCD matrix 


analysis of the circuit of Fig. 4-1, subject to the conditions discussed 


in this section, even. and odd mode insertion phase shifts are determined 


to be 
2nki’c_ vr 

3 | s 

. A 
and = 

Ze Z.. 
s ‘ 
5 a. Zo 6 2nL 
@, > arctan 5 AAU eer (4-13) 


where the value of the arctangent taken is that nearest 2nL/r’. The term 
2nL/r* 1s the same as nvf- ‘f,. where f, is the design center frequency 
Also, at f, the even mode phase length is 7/m greater than that of the 


odd mode, so that 
fe) w (on + “\4 : (4-14) 


Making these substitutions, the phase difference between modes can 


be written as 
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ae Zoe 
z a 
+) oe oo 
a - @ = = Es - arctan n ci (4-15) 
@ °o R , 2 i i 


where the value of the arctangent taken is that nearest nvf/f,. 


This equation gives a phase difference of n/m at band-center for any 
Z /Z'_, as the term containing Z /Z is zero there. However, the change 
oe oo Re . o¢ 00 i 


in phase difference is dependent on La ie and it will now be found and 


set to zero to give the value of ce 


required for flat coupling re- 


sponse. In order to investigate the behavior around band center, 


tan nvf/f, will be replaced by an (f/f. 1) and the arctangent function 


will be replaced by its argument. This gives 
oe Z\ Zoe 2. 
‘ 2 ‘ xu 
f an + } °° eu, oo Zoe 
Cre = = 1 nn] + \ —————_ - 1 (4-16) 
e ° fy Pp 2 y) 
for (2n - 1)/2n NFP Ge Sha +.¥)/2n. The derivative of this function is 
the first term in brackets Setting it to zero, ; 
y RENE LY se 
oe oe 
Z* y Zz 
oo oe + j 
2 ‘ (4-17) 
2 mn 
Now the equation set in Eq (4-13) may be written as 
ae ie 
G2 < ee 
e a fy 
an + J nf (4-18) 
C = aretan [|———— tan -—— 
" ( an Sy 


where the value of the arctangent taken is that nearest anf/f, 


Using m = n= 2, values chosen from the hybrid junction actually con- 


structed, 6, and @, are plotted against f/f, in Fig. 4-5. Substituting 
the quantities of Eq. (4-18) in Eq. (4-4) gives power division as a 
function of frequency im terms of m and n. This ts plotted in Fig. 4-6(a) 
for hybrids of n = T and a = 2. 
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FIG. 4-5 


ZERO-ORDER-MODE MAXIMALLY FLAT FORWARD-COUPLING HYBRID PHASE LENGTHS 
FOR EVEN AND OCD MODES 


To design an actual coupler giving the performance described above, 


the quantity ee, must be found in terms of a and n. This is done by 


oo 


solving Eq. (4-17) for 


2 oe an + } an + 1\? 
at = oti v i - 1 . (4-19) 
Zo an an 


Fquation (4-8h) and hq. (4-11) taken together show that 


a3 _ ant 1 (4 : 
re i an Yoel: 
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Equations (4-19) und (4-20) multiplied pive the desired design quantity: 


Zz 
ae “ (an +1 + VIan 1) (4-21) 
Z mn 


It will now be shown that in these couplers having maximally flac 
coupling response, the relative dielectric constant €, 1S numerically 
equal to Ce Sake This can be done by combining Eq (4-8) with 
Eq. (4-8h) to yield 


1 
a8 
a. 5 as (4-22) 
ee: “oo 


Substituting Lqs. (4-20) and (4-21) in Eq. (4-22) Kives, after 


simplification, 


re AE a eee Oe 
€ - See (an + 1 + V2mn + 1 ) (4-23) 
(an)? 
Comparing this (iq. (4-23)] with Eq. (4-21), it is seen that ; 
Zoe 
€ =e ——— (4-24) 
Z Z 


vo 


All the basic design quantities have now been specified solely in 
terms of m and n for maximally flat coupling at band-center 
For hybrid performance, the above 
TABLE 4-1 


design relations are : 
SOLUTIONS TO DESIGN EQUATIONS FOR 


L Ja ral (4- 25) MAXIMALLY FLAT ZERO ORDER MODE 
— = FORWARD COUPLING HYBRID 
Ay We 
Z, e 2n + 1 (2 l ‘in? i ) 
ES ea (2n  Lay 
, Z oe 4n? fi 


(4-26) 


These relations are shown in Table 4-] 


for interesting values of n. 
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The relations in Chap. 6, Eqs. (6-4) and (6-5), can be used to translate 


a given Z /Z into physical cross-sectional dimensions. 
oe 00 


Following the method of Part C, 4 and 5, and assuming that all re- 
flected waves are the result of odd-mode mismatch, it is relatively straight- 
forward to compute the VSWR and isolation. This has been done and plotted 


in Fig. 4-6(b) and (c) for hybrids of n= |] and an = 2 


} 
i 
i 


E. EXPERIMENTAL RESULTS 


In order to test the validity of the foregoing theory, a coupler was 
made in accordance with the design data for hybrid performance using n= 2, 
as this allowed the conventrence of using polystyrene for the dielectric. 
Figure 4-7 shows some details of the construction, _4,, was chosen as 
50 ohms to match the coaxial feed line, and in accordance with Table 4-1, 
this required Z,, to be 20 ohms. These characteristic impedances were 
calculated from the formulas for broadside coupled strips parallel 
to ground planes, given by Cohn in Chap. 6, Eqs. (6-4) and (6-5) on this con- 
tract. The design-center frequency used in determining length was 
1500 Mc. Initial results are shown in Fig. 4-8, (a) and (b), along with 


curves computed from the theory. 


The experimentai curve of VSWR is in good agreement with the theo- 
retical one except near the minimum, where residual effects become promi- 
nent. Some of this residual VSWR is due to mechanical asymmetry, as VSWR 
measurements on separate terminals differed by as much as 0.04 at the 
center frequency, although all external conditions were held the same. It 
is not unlikely that some residual VSWR was introduced through mismatches 
of the even mcede to the feed lines, and junction susceptances where 
coaxial line joined strip line. The effective length of the coupler was 
assumed to be end-to-end length. No effort was made to locate the effec- 
tive terminal planes, nor to. eliminate junction effects. This may be the 
reason that the measured center frequency was found at 1590 Mc rather 
than the computed 1500 Mc It is probable too, that the assumed “ averaged- 
out” dielectric constant was not, in fact, achieved exactly. However, 
allowing for the existence of such residual effects, the theoretical curve 


gives an adequate prediction of the measured VSWR. 


The measured power division curve has about the proper shape, but it 
undercoupled by about 2.3 db. This represents about 73 degrees difference 
in the phase length of the two modes, rather than 90 degrees. If the 
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length were. too long for the odd mode, it would resonate (appear matched) 
at a frequency lower than the design frequency; however, it actually 


appears matched at a higher frequency, and so the phase-shift error is 


more likely in the even mode. If the even mode was, in fact, affected by 


the lack of dielectric material between strips. its ‘‘averaged-out” die- 


lectric constant would be lower than designed, and it would offer less 


than design phase shift. Also,. this would: increase the characteristic 


impedance of the even mode, and explain the fact the slope of the power 


division curve around band center is slightly negative. If the effective 
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dielectric constant of the even mode could be increased without affecting 
the odd mode, then, according to this hypothesis, the coupler should 


perform more nearly as designed 


Actually, a different approach was followed in hopes of realizing a 
better VSWR characteristic than predicted by the theory for the simple 
structure, while obtaining a flat, balanced output The first step in 
this effort was to reduce the spacing between the strips by making them 
thicker (reducing the pap from 0,065 to 0.048 inch) holding all other 
dimensions of the coupler unchanged. This increased the power division 
to around -% db, but the flatness deteriorated Power division was then 
brought in to around zero db and flattened somewhat by tuning the odd 
mode with two one-turn 0.0605 -inch-diameter wire inductances wrapped on 
polystyrene slugs and placed between strips about one-quarter wavelength 
from each end of the structure Test results for this device are shown 
mn Fig. 4-9(a), (b), and Ce). Over a 17.5 percent band, power divasion 


is flat within’ \ db) VSWR is less than..1.50, "and isolation'as 13 db we 


better. 


This performance is somewhat better than predicted from the theoreti. 
cal curves of the simpler coupler allowing. for the unexplained frequency 
displacement of the maximum of isolation. The coupler performance could 
be improved further by using the n 1 design, using better matched 
Junctions to the coaxial line, ofr improving the mechanical design. 


Figure 4-10 is a photopraph of the aleviee, 


Tt might be noted, too, that this design procedure can be used for 
couplers in the range hetween large coupling and small coupling For: less 
coupling than required for hybrid performance, the bandwidth: of coupling, 


VSWR and isolation should be better than predicted for the hybrid 
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CHAPTER 5 


HIGHER-ORDER-MODE FORWARD-COUPLING HYBRID 


A. GENERAL 


This section describes a forward-coupl ing balanced-output hybrid 
Junction that uses the TEM mode and the first higher-order mode that can 
exist on a flat, wide, conducting strip between parallel ground planes. 
Figure 5-1 shows the electric field patterns of a strip line designed to 
Support these modes. The 
higher-order mode has a plane 
of zero electric field along 
the center of the strip, so 
that a thin metal wall can be 
placed in this plane without 
disturbing the mode, although 

_the TEM mode then no: longer 
propagates. With the wall in 
place, each half of the line 
is identical to a section of 
trough, guide, the configura- 


tion of which is. shown: in 


Fig. 5-2. These. properties ELECTRIC FIELD OF FIRST HIGHER ORDER MOOE 
are used as the. basis: for a-e380-14-07 


the higher-order-mode forward: 
coupling hybrid: shown, in FIG. 5-1 


Fig. 5-3. As shown there, ELECTRIC FIELD PATTERNS IN HIGHER-ORDER- 
MODE FORWARD-COUPLING HYBRID 


two adjacent trough guides 
are, separated from each other 
by a thin metal wall. The separating:wall is partly cut away in a section 
which forms the coupling region: The odd trough-guide mode (corresponding 
to the case where the two trough: guides*in Fig: 5+3 are excited with 
equal amplitudes. but opposite phases) maintains the higher-order mode form 
shown in Fig. 5:1. when passing» through the coupling region, hence’ passes 
the coupling region without reflection if the dividing walls are thin. 

The. even trough-guide: mode (corresponding to the°case’ where the two trough 
guides. in.Fig. 5-3 are excited with equal amphitudes*and the same phase) 


converts to the TEM mode. (Fig. 5-1) in the coupling region because of 
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FIG. 5-3 
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the absence of the dividing wall. It is necessary to know the phase con- 
stants of the higher-order mode and the TEM mode in the coupling region 
in order to relate the physical dimensions of the coupler to its elec- 
trical properties. Further discussion of the operation of forward- 


coupling hybrids was presented in Sections A, B, and C of Chapter 4. 


B. PROPAGATION CONSTANTS IN THE COUPLING REGION 
1. TEM Move 


The TEM mode propagates at the velocity of light, and thus its phase 


constant 1s 


9 
RR a7 ae (S-1 
7 ) 
where A is the free-space wavelength. 


2. Wicner-Order Move 


For the higher-order-mode transmission line, it is necessary to 
determine cut-off wavelength before the phase constant can be found. 
Keen! gives formulas communicated by Jasik relating cut-off wavelength, 
ie to the trough-guide dimensions. Ilis tabulation of values has been 
corrected by Cohn,? who applied them to the determination of the cut-off 
wavelength of the first higher-order mode on strip line. These formulas 
and tabulations, which assume the ratio of strip thickness to ground-plane 
spacing to be approximately zero, are approximations of the transverse 


resonance equation, 


i fae : 
NG tediia sas 7 Aes Hues 2) eas tan wh (5-2) 
s € r 


where 6 is the ground plane spacing, ¢ is the strip thickness, and w is 
the width of the strip in the coupling region or twice the trough-guide 
fin width. The fringing capacity, Cy, is one-half the total fringing 
capacity per unit length from the edges of the strip to both ground planes, 
and is given as a function of ¢/b by formulas and graphs in Cohn’ s 


articles.) The permittivity, €, has the same dimensions as Che farads 
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per meter in the MKS ‘system. The ratio C,/e 1s independent of the relative 
dielectric constant. An approximation for wide strips of appreciable 


thickness is 


as 
Av iseiidwi +i 2 (bars t) ee (3-3) 
For t = 0, this Para la vives values of a. 2.20 percent larger than 
Eq. (5-2) for w/b. = 1.0; ‘and 0.46 percent larger than Eq. (5-2) for 
w/b =.2.0. For. 0/b6.<) 1) an adeitional, error: due. to interaction of the 
fringing fields becomes appreciable. For w/b > 2.0 the difference between 


the exact and approximate formulas becomes negligible for this application. 


Guide wavelength, Aa is found from the well-known relation, 
a \? % 
ES Sal Git ae te (5-4) 


and the higher-order-mode phase constant is 2n/r |. 


At this point, it is necessary to examine the nature of the transition 
from TEM mode in the coupling region to even trough-guide mode in the 


terminating lines 


C TRANSITION FROM COUPLING REGION TO TROUGH GUIDE 


An array of semi-infinite parallel plates is sketched in Fig. 5-4. 
A plane wave. with its electric field vector parallel to the edges of the 
plates is traveling norma! to the plane separating free space from the 
parallel-plate region. The upper view of Fig. 5-4 shows where Magnetic. 
walls might be placed without disturbing the fields, and the lower view 
shows the manner in which electric walls might be placed without disturbing 
the fields The magnetic walls must lie in planes perpendicular to the 
magnetic field lines. This requires the walls to be exactly half-way be- 
tween adjacent parallel plates. No limitation is imposed on the positions 
of the electric walls other than that they be perpendicular to the lines 
of electric field. If the guide wavelength in the parallel-plate region 
is the same ws the guide wavelength in the trough-guide of the higher- 
order-mode coupler at the same frequency, the region bounded by the elec- 
tric and magnetic walls pictured is very similar to the transition region 
of the higher-order-mode coupler. It may be expected then, that the re- 


sults of an investigation of the parallel-plate problem can be applied, 
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FIG. 5-4 
PROPAGATION INCIDENT ON SEMI-INFINITE PARALLEL PLATES 


at least qualitatively, to the higher-order-mode coupler. Carlson and 
Heins,* Lengyel,® and Marcuvitz,® have published results of work in this 
area. This report will follow Marcuvitz, since his results are in a 


particularly useful form. 


The plane wave in Fig. 5-4 has a real-impedance terminal plane at 
T, a distance d from the plates, in the region where only the plane wave 
exists. According to Marcuvitz, at this plane the normalized impedance 
presented to the plane wave by a matched parajlel-plate structure is 
dr. The real-impedance terminal plane for the TE,, mode is at irae 
distance d out from the edges of the plates in the free-space region. 
Now, in reference to the hybrid coupling region of length L, as indicated 
in Fig. 5-5(a) and Fig. 5-5(b), these results will be applied to the 


69 


COUPLING REGION 


TROUGH-GUIOE 


REFERENCE PLANES ARE 
JUNCTIONS BETWEEN 
TROUGH-GUIDES AND 
COUPLING REGION 


@0-83F6-T4-nde 


FIG. 5-5(a) 
- LOCATIONS OF TERMINAL PLANES T AND T° 
OF COUPLING REGION 


WITH RESPECT TO ENDS 


oe : 10, %, ae 
Dis, | 27¢' 27(L- 2s) —> 27a’ | it 
h, X 


d 


REFERENCE PLANES 
PA- 2326-74 -1109 


FIG. 5-5(b) 


CIRCUIT SHOWING EQUIVALENT ELECTRICAL LENGTHS FOR J 
MODE CONVERSION FROM TROUGH-GUIDE EVEN MODE - 
TO TEM MODE IN THE COUPLING REGION 


ee 


70 


even mode, which exists inside the coupling region only as a TEM wave, 
and exists outside the coupling region as TE,) waves of identical phase 
and: magnitude in adjacent lines. Electric field lines of ‘the TEM mode in 
the hybrid lie between a ground plane and the wide center strip very much 
in the same manner as they lie between possible electric walls of the 
parallel plate structure. The end of the Gividing wall at the start of 
the coupling region re thetybrid corresponds to the edge of one of the 


parallel plates in the parallel plate array 


Pivthe center conducting strip is increased in width from wv to A125 
as computed by Eq. (5-2) or Eq. (5-3), magnetic walls can be placed at 
the edges of the center conducting strip, parallel to the dividing wall, 
and the propagation will be undisturbed. These magnetic walls are analogous 
to the possible magnetic walls of the parallel plate array. With the 
acceptance of these points of similarity, it follows that the effective 
length of the coupling region is L - 2d for the TEM mode existing only 
inside the coupling region, and the even trough-guide higher-order mode 
appears to extend a distance d’ into the coupling region. In the particular 
hybrid constructed, d and d' were found by experiment to be about 30 per- 
cent greater than predicted by this analysis, but were only about 15 per- 
cent greater than predicted by the work of Primich? on semi-infinite 
parallel plates of finite thickness. No obvious differences in terminal 
plane locations were noticed for couplers vith the dividing walls cut off 
square (analogous to the thick plates of Primich’s analysis) and for those 
with the dividing walls ending in a short (0.114 ee taper. 

one 

D DESIGN CONSIDERATIONS 

1. GENERAL 


The discussions in Sections A, B, and C of Chapter 4 apply to 


this hybrid also. To summarize: 


Sie a 
(1) Power division - 20 log, 4 nf 


fH SN PR aos tee | e (5-5) 


deciuele, for small reflections and power divisions 
less than about one decibel, where @. and’ @, are the 
even- and odd-mode insertion phase- shifts through | 
the coupling region 


(2) Power division is flat when : 
(3) One mode is matched to the input lines at all 


frequencies within the coupling band. 


(4) The other mode is matched to the input lines only 
when the coupling region has a resonant length 
for that mode. 


(5S) Low VSWR implies high isolation. 


2. LeNGTH oF THE CoupLinG REGION 


The physical length, L, of the coupling region is selected to be 
resonant to the TEM mode at the design center frequency, so that this mode 
appears matched at that frequency. For a uniform coupling region, the 
apparent electrical length to the TEM mode must be an integral number of 


half-wavelengths long: 


» : 
1 
b= 2d ean (5-7) 
2 2 : 


where do is the terminal plane location tor the TEM mode, as discussed in 
Section C, while is the design-center free-space wavelength, anda is 
an integer. Experience shows that the coupling region should be about one 
wavelength long for hybrid performance between, and not too near, the first 


two higher-order-mode cut-off frequencies. Thus, 
Np rae aert via VT: Rabe Cala 2 cle, ae er (5-8) 


3. Wrotn oF tre ConnuctinG STAIP IN THE CoupLinG REGION 


For equal power division, the insertion phase length of the higher- 
order mode must be 7/2 less than that of the TEM mode, as is seen from 


Eq. (9-5). At match, the insertion phase length for the TEM mode is 2n, 


and so 
PRTG Bee 2d' ) G 7 
Sanne s ot ly (5-9) 
6 : os 
or 
A : eae - 9g! 
PP Tere or nee | | (5-10) 


where i is the higher-order-mode guide wavelength, and d’ the terminal 
plane location for the higher-order mode, as discussed in Section C. 
Equations (§-4) and (5-2) or (5-3) can be used to find w, the width of 


the strip in the coupling region, 


4. Even-Mope TuNinG witTH CENTRAL CAPACITANCE 


a. EFFECT OF CAPACITANCE ON INSERTION PHASE LENGTH OF THE TEM 
uope—Lumped shunt capacitance at the center of the coupling region affects 
only the TEM mode, since no electric field exists there for the higher- 
order mode. When such capacitance has been added to an existing hybrid, 
it has been observed that it is possible to reduce the coupling region 
length and still operate over the same frequency band. That is, when the 
coupling region is shortened, its electrical length.to both the TEM and 
the higher-order mode is of course reduced, as is the phase difference 
between modes. Capacitive tuning increases the phase shift in the TEM 

mode, and allows the phase difference between modes to be restored to its 
original value at the same frequency, thus restoring the original value 
of power division. The effect of the capacitance on insertion phase length 
can be analyzed by using an ABCD matrix for the even-mode circuit shown 


in Fig. 5-6. 


The ratio of the 
terminating conductance to 
the characteristic con- 
ductance of the even mode 


line is designated as 


Y,o/Y,-+ which is the A-£300-14-108 
ratio of the characteristic 


conductance of the odd mode FIG. 5-6 


to that of the even mode. EQUIVALENT CIRCUIT FOR EVEN-MODE PROPAGATION 
WHEN A TUNING SCREW IS INSERTED 
IN THE COUPLING REGION 


The transmission phase 
constant of a uniformeven- 
mode line is given by k, 
and the centrally located shunt susceptance is jb, normalized to the even 
mode characteristic admittance, ae The general solution for the inser-: 


tion phase shift of the even mode is 


toe Te B ie kl v3 , kl 
+ rant aaa CAR OM a eC OU 
Se ay 2 Y iw 2 tans : 


= arctan ate tan kl 
\3 2- Bean kl 


(5-11) 
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where, for small B, the value of the arctangent ‘taken is that nearest kl, 


Equation (5-11) is applied to the structure being considered by 
substituting L - 2d for l, this substitution being allowed by the arguments 
of Sec. C, and then letting k& = 2n/r,, from Eq. (5-1). For shunt sus- 
ceptance, B, small, and (L ~ 2d)/Xd near unity, appropriate simplifications 


yield the approximation 


; 7 a Lali LAP 2 [he oe 2d + B es 
~ _ + eee _ - 
i ~*~ arctan ; ; tan 2n r 2 Y. 


oe oo o- 


(S-12) 


Inspection of Eq. (5-12). shows that the addition of a small, 
positive shunt susceptance increases ee That is, a small, centrally 
located, shunt capaciterce acts as though it were a short length of line 
for the TEM mode. Notice that the length of the coupling region and the 
width of the strip in the coupling region discussed in Sec. [)-2 and -3 are. 


for the case where R - 0. 


6. EFFECT ON INPUT vSUR—If the coupling region of a matched, 
balanced hybrid junction having no shunt susceptance is reduced in length, 
and central capacitance is then added until equal power division is again 

- obtained at the original frequency, it will be found that the frequency 
of best match is also Practically unchanged. This fortunate tendency for 
equal power division and match to occur at about the same frequency for 
reduced coupling region lengths with appropriate even-mode tuning can be 
checked on a Smith chart and shown to be a practical approximation, - until 


the shunt capacity becomes large. 


c EFFECT ON ODD wODE—The tuning Capacitors used are wide screws 
threaded through the ground planes. They are usually physically large 
enough to perturb the magnetic field of the higher-order mode, introducing . 
a small but undesirable reflection. The effect of this reflection, which 
occurs as a small shunt inductance at the center of the coupling section, 
is to increase the purely real conductance at the ends of the coupling 
section. This is compensated for by having the trough-guide feedlines 
match the increased conductance. 


With the dividing wall completely removed in the coupling region, 
the trough-guide fin widths are made exactly one-half the width of the 


strip in the coupling region in order to maintain the same cut-off 
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wavelength and characteristic conductances in both feed line and coupling~ 
region for tue trough-guide mode. The thickness of the dividing wall in 
the trough-guide region, and its absence in the coupling region then re- 
quires a step in the edge of the strip of half the dividing wall thickness, 
occurring at the junctions of the coupling region with the feed lines. 

This step is shown on the completed hybrid sketched in Fig. 5-3.. Now, 

in order to make the feed line conductances slightly greater at the junc- 
tions, the dividing walls are tapered to narrow edges at the junctions, 
increasing the electrical width of the trough-guide fins in those regions 
The resulting small ancrease in feedline conductance is sufficient to re- 


duce the effect of odd-mode reflections from the tuning screws to a very 


small level. 


5S. Frat Power Piviston 


It is reasonable to expect that the widest bandwidth for nearly equal 


power division will be obtained when the slope of the power division with 


frequency curve 1s zero at band center, This is equivalent to the state- 
ment of Eq. (5-6). A qualitative analysis can be made from the power - 
division formula, Eq. (5-5), using approximations suitable for use near 


the frequency where power division is equal, and letting the even-mode 


shunt susceptance be zero, for simplicity. 


Wee i 
27 (5-13) 


) Y 
1 0D Jian Lor ed, 
OY ee LL Bet OPE ORO BAe 2n ( ) : (5-14) 


Equation (5-14) is equivalent to Eq. (5-12) with B- 0. Mt band center, 
(L - 2d)/X is unity, and so, around band center. tan 2n(L ~~ 2d)/A may be 
replaced by the linear approximation 2n[(L ~ 2d)/A ~ 1].. A similar linear 
simplification may be made for the arctangent function. After making the 
above substitutions in kq. (5-14), using Lqs. (5-13) and (5-14) in 


Bet (5-5), one obtains 


tive ee 1 Be MA Tee L - 2d 
Power division Quast hehe aie saat tea tay reg Wena : 
4 EN ) IN LN 
9” > t 4 
(5-15) 
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At band center, where (L - 2¢)/A ais unity, the value of power division is 


independent of Lines: The rate of change of power division with fre- 


quency is 


} (iis 2d" )A, 


1 (pow ivision) ie Ed i Wah hae e 
d (power division pees pe ae Hy epee ye 
oh See ca ees ‘ 
(S- lo) 
where c is the velocity of light. From Eq. (5-16), it can be seen that 
a change in ete Yo. ts, at the design center frequency will change 


the slope of the power division curve without changing the value of the 
power divion atselt. For flat coupling at band center, Eq. (5-16) must 

be zero, In the actual coupler, as illustrated in Fig. §-3, if on ly a 

very small part of the dividing wall were cut away to form the coupling 
region, it as evident that the characteristic conductance of the TEM mode 
would be much higher than that of the higher-order, or Yoel ee 
the first term in Eq. (5-16) would predominate, and the slope of the 
power division curve would be positive. If the dividing-wall is now com- 
pletely cut away, leaving only the flat, wide strip in the coupling region, 


the approximation OM aie tee tle mataat are Y “ai, ee can be substatut ed in 


ae ut 


ba. (5-16), shieh pives 


d (power division) DES 2A bg Wal ot “eg i. a (Las 2d" )A, 
Se —— |J-|— +} — - %d) - 
we Af c 2 A, nN N 
(5-17) 


Because only the sign is being determined, the order of accuracy 1s such 


Chia Gee goa]. 2d may be allowed. This simplifies Rg. (5-17) to 
Mees 
d (power division) 0.37 i ; * AY » 
a be ae ea tabs (Lh =.2 : 
df a d) , (5-18) 


Since A “A, Eq. (5-18) predicts a negative slope to the power-division 
curve when all the dividing wall is’ removed in the coupling region. This 
simple investigation implies that there exists some height of the dividing- 
wall at which the slope of the power-division curve is zero at band center. 
In the experimental hybrid, it was found that removal of slightly less 


than half the height of the dividing wall gave flat power division 
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E. MEASURED RESULTS 


The design principles in the preceding sections were verified with 
an engineering model. The ground planes of the model were one-half inch 
apart, and the conducting center strip was one-sixteenth inch thick, as 
was the dividing wall. The first objective was to achieve equal power 
division at the frequency of matched input, without using central tuning 
Capacitance. As a first approximation, ys. (5-8) and (5-10) were used 
to find the length and width of the conducting strip in the coupling 
region. Values of the effective terminal plane distances (d and d’ 
as discussed in Sec, C) that were more accurate than those given by Marcuvitz® 
were obtained for ‘the model by measuring the frequency of match and the 
power division obtained at that frequency, and then using Eqs. (5-8), 
Uso), 0 and. €5- £3). [Te must be recognized that in Ry. (5-5), C 77 
at match, }] All measurements apply to trough guide only, and do not 
include etfeets of transitions to strip or coaxial line. Wowever, an 
initial investigation has indicated that it would be possible to make such 
“transitions to have a VSWR <1.95 over the frequency band of interest for 


this hybrid. 


The frequency and the length of the coupling region were then both 
adjusted to achieve equal power division with impedance match. Measured 
power division and input VSWR were plotted in Fig. 5-7. Length of the 
coupling region was 3.940 inches and width of the strip in the coupling 
region was 2.39 inches. The dividing wall was completely removed in the 


coupling region, leaving a broad flat strip there. 


The next objective was to shorten the coupling region and compensate 
with central tuning capacitance, as discussed in Sec, D-4. The coupling- 
region length of the hybrid constructed was shortened to 3.500 inches and 
then the hybrid was tuned with the central tuning capacitance for match 
at the same frequency at which the hybrid was matched without capacitance. 
Touch-up tuning was necessary to bring about equal power division, which 
changed the frequency of match slightly. Power division, VSWR, and iso- 
lation for this hybrid are shown in Fig. 5-8. Notice that the ll-percent 
change in coupling-region length caused the frequency of match and equal 


power division to change by less than 2 percent. 


The final objective was to-flatten the power division curve at band 
center. In Sec. D)-5 it was indicated that a height could be found for 
the dividing wall in the coupling region which would give flat coupling. 


In the model, the height was found by experiment to be 0.125 inches above 
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FIG. 5-7 
HYBRID PERFORMANCE WITHOUT CAPACITIVE TUNING 
the conducting center Strip. With the -inch-diameter tuning screws set 


so that 9.031-inch raps existed between the flat bottoms of the screws and 
the tops of the Gividing walls, the coupling on this hybrid was 0.25 db 
less than the equal power division condition at band center. This was done 
in order to maintain an arbitrary +0.25 db specification, allowing for the 
power division increase on either side of band center. Power division, 
VSWR, and isolation are pistted “an Figs Seno tor this coupler. The power 
division is within +0,.25 dh over a 19-percent band. VSWR is under 1.15° 
over a) 16-pereent bands) VSWit rewire e are given for both blunt and tapered 
ends (taper 'S inch long) of the dividing walls as they approach the coupling 
region. The smaller VSWR with tapered ends illustrates the discussion in 
tee. eA concerning cancellation of the odd-mode reflections from the tuning 
Screws. That this probab}y docs Ade Rive complete cancellation of odd-mode 
reflections is indicated by the difference between the measured isolation 
of the device and the isolation computed from the VSWR on the basis that 
reflections exist only in the even mode. However, the two isolation curves 
are close enough to show that reflections from the odd mode are residual | 
in comparison with those from the even mode, as assumed, 


A sketch showing the pertinent physical dimensions for the final 
version of this device is shown in Fiz. 5-10. 
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FIG. 5-8 
PERFORMANCE OF SHORT HYBRID USING CAPACITIVE TUNING 
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PERFORMANCE OF TUNED HYBRID KAVING FLAT POWER DIVISION 
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FIG. 5-10 
PERTINENT DIMENSIONS OF FORWARD-COUPLING HIGHER-ORDER-MODE HYBRID JUNCTION 
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FF. DISCUSSION 


the behavior of the hybrid, it as necessary to assume values for 


parameters. It was mentioned previously that measurement: ato one 
showed a 15 perceat discrepancy from theory for the termina] plane dis- 
tances, These distances are assumed fixed in making calculations, The 
characteristic impedance in the coupling repyion for the even mode can be 
determined for thin walls,® but this was not known when the work on the 
forward-coupling hybrid was being done, The ratio of the characteristic 
impedances of the odd and even mede is not btnown- for the case of a fin 
along the center of the coupling region, The capacitance from tuning 

screw to finned center-conductor is not known. Tt ais possible to make 
reasonable rough estimates of the values of the above parameters, however, 
and substitute these values in the formulas given previously to determine 
coupling and mismatch. Adjustments can then be made in the assumed values 
in order to make the calculated performance agree with the meastred per- 
formance. This has been done, and the results are shown in Figs. 5-11 and 
5-12. Figure 5-11) shows measured and computed corves for the case of no 
fin in the central section and no tuning capacitance. Measured values 

were used for terminal-plane distances and it was assumed that they did 

not change with frequency. No other assumptions were necessary. Agreement 


between theory and measurement is considered to be good for this case. 


For the structure with a fain along the center of the coupling region, 
and in which large-diameter tuning screws are used, many sample calculations 
have been made of balance and input VSWR. Various values of even-mode 
admittance and skunt capacitance were chosen and adjusted in an attempt to 
obtain calculated performance curves similar to the measured performance 
curves, Calculated performance for a typical set of parameters, and the 
measured performance curves are- shown in Fig. 5-12. The shapes of the 
measured curves are predicted by the theory. In particular, the slope of 
the balance curve passes from negative to positive, in agreement with the 
measurements, and then, beyond the range of the measured points, the calcu- 
lated balance curve resumes negative slope. The original structure is now 
in the possession of the Signal Corps; for this reason, it has not been 
verified that the measured balance curve would eventually resume negative 


slope at higher frequencies. 
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The: Curves, 6G Fie.” So) ., Tea slae that the theory predicts a narrower 
VSWR bandwidth ani a wider balance-bandwidth than measured. It is doubt ful 
if this can be eee a ted simply on the basis of having chosen incorrect 
values of even-mode admittance and shunt Capacitance, because the calcu- 
lated VSWR-ebandwidth is se much smaller than the measured VSWR-bandwidth. 
Inasmuch as. good agreement was. found for the no-fin,- no-tuning-screw case, — 
it is reasonable to assutie that the differe:: results are sonehow connected 
with the introduction of the fin and the serews, The following paragraph 


concerns a possible, fiut uninvestigated, source of the iserepancy. 


The strap conductor in the coupling region must be wide enough to 
Support the first hivher-order mode that can exist on strip-line, This 
mode has-a ‘voltage minimum alone the centerline of the strip. The intro- 
duction of a fin (providing ridge loading), and the proximity to the fin 
Of Man faree diameter aero. ensures that the next hagher-order node, which - 
hax ok 96 lta: maxis mum along the strip centerline, not only will be excited, 
but will he propagating as a ghost mode? in the Vacinity of the tuning 


Screws, Although this mode rs reactively terminated) at can exert a large 


influence on the Bae Phen ee OR LROR ini nee rews | making the lumped capaci- 


tance assumption inappropriate, If the effect ef this coupled, second- - 
higher-order mode is ta decrease the Tate of change with frequency of the 
even-mode phase-length of the coupling region, then it would have the 
effect af broadening the VSWR bandwidth while simultaneously decreasing 
the balance-bandwidth. [rt re felt? thaw tht are (the case, although only 


an extensive theoretirea] Investigation would prove at. 


The many side effects in the theory, as described above, make a truly 
precision synthesis procedure quite complicated, A design method us ing 
educated trial and evror methods appears to he preferable, using the theory 
to deserithbe only the qualitative performance of the device, and to serve 


4s a guide’ for the empirical design. 
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CHAPTER 6 


FORMULAS FOR BROADSIDE-COUPLED STRIP TRANSMISSION LINES* 


Coupling effects between parallel transmission lines have useful ap- 
plications in the design of many components, such as filters,!? direc- 
tional couplers,? baluns,* and differential-phase-shift networks.’ Three 
useful coupled-strip-line configurations are shown in Fig. 6-1. The 
coplanar strip cross section of Fig. 6-1(a) was analyzed previously and 
design data are conveniently available,** while 
the broadside-coupled strip-line cross sections 


of Fig. 6-1(b) and (c) are treated in this 


section. In all three cases, the theory applies (o) 
to strips of zero thickness, which may be approx- 
imated by metal-foil conductors sandwiched be- TERE Tee RIOR TROT 
tween dielectric plates filling the cross section. _— 
If air dielectric is desired, the strips must be Ce aAB ae ee 
given a moderate thickness to provide mechanical 
Strength. In this case, adequate computational Ae aS a 
accuracy has been obtained by suitably modi fying 
the zero-thickness formulas “e 

c 


. : Re A-2326-TRE- 30 
The coplanar configuration of Fig. 6-1(a) 


is particularly well suited to photo-etched FIG. 6-1 
strip-line circuits, but cannot be used where THREE USEFUL CONFIGURATIONS 
very close coupling is required For example, OF VERY THIN COUPLED STRIPS 


BETWEEN PARALLEL GROUND 
PLANES 


in directional couplers having couplings greater 
than about -8 db. | the spacing between the strips 
becomes prohibitively small. However, closer coupling may be obtained 
with a reasonable spacing if thick strips are used in the arrangement of 
Fig. 6-1(a). This is clear if one considers that a sizable parallel- 
plate capacitance is added to the fringing capacitance between the two 
strips. To achieve close coupling with thin strips, a broadside coupling 
arrangement as in Fig. 6-1(b) and (c) is necessary. Both of these con- 


figurations have been used successfully at Stanford Research Institute 


SS 


<The material in this chapter has been published, See S, Ry Cohn, “Characteristic Impedences of Rroadsides 
Coupled Strip Trenamission Lines,” IRE Trans, PGMTT, Vol. 8, PP» 633-637 (November 1960). 
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in directional couplers having midband couplings as great as -2.7 db.%? 
The formulas used in the design of those directional couplers were judged 


to be too approximate. for general use, and therefore a more precise anal- 


ysis has been carried out and the results are given in this section. 


The details of the analysis of the two broadside-coupled strip con- 
figurations are not Ziven here, since they involve a fairly routine 
application of the well-known Schwartz-Christoffel transformation method. 
However, the specific transformation geometries are described at the end 
of this section, where they reveal a simplifying approximation that was 
made in each derivation It is believed that the error in computed values 
of characteristic impedance due to these approximations wil] not be greater 
than about 0.1 percent in close-coupling applications. The error increases 
as the coupling 15 decreased, but is fet tikely to exceed 1 percent in any 
Practical application for which a broadside-coupled Strip arrangement would 
be preferred over a coplanar arrangement The advantage gained by these 
approximations is that the elliptic functions necessary in exact solutions 
are avoided, thus simplifying ‘the use of the formulas, as well as their 
derivation, flowever, rigorous solutrons have been carried out by 


C. A. Hachemeister® of Polytechnic Institute of Brooklyn, 


A FORMULAS FOR BROADSIDE-COUPLED STRIPS PARALLEL 
TO GROUND PLANES 


Two orthogonal TEM modes can propagate on a pair of parallel-coupled 
transmission lines. These are the even mode, for which the respective 
voltages and currents on the two conductors are equal and of the same sign, 
and the odd mode, for which the respective voltages and currents are equal 
but of opposite Sign. All other voltage, current, and field conditions 
on the conductors can be expressed as a linear combination of these two 
modes and, therefore, the complete performance of the coupled conductors 
in a circuit may be computed in terms of the characteristic impedances 
and propagation constants of these modes. It will be assumed that losses 
are small and that the cross sections are uniformly filled witha medium 
of relative dielectric constant €,|, so that the characteristic impedances 
arevessentially real; the attenuation is small, and the phase velocities 


are equal to ce, where c is the velocity of light in free space. 


The following formulas give the even-mode characteristic impedance, 
ae and the odd-mode characteristic impedance, Zo ey of each conductor 
with respect to ground for the cross section of Fig. 6-2. These formulas 


hold for any ratio of w/b and s/b, as long as w/s is greater than about 0.35: 


Pia ce Wk fate 
oe ‘ae K(k) 

296.1 
ee ie ae (6-2) 


where — 


k is a parameter 
Rite ON P= ee 
K(k) and K(k’) are complete elliptic integrals of the first kind. 


The ratio w/b is given by 


(6-3) 


The quantity K(k’)/K(k) has been tabulated 
versus k by Oberhettinger and Maenus.? With 


the aid of their table, a cross section may Y | 


be designed in a straightforward process to 8 b 
tecnica dass 

have the desired characteristic impedances /x#—w—> f ; 

Z,, and oe as follows. First, from errrrecrrerry 


Eq. (6-1), solve for K(k’)/K(k). Next de- 
; ; ; FIG. 6-2 
termine k from the above-mentioned table. 


is CROSS-SECTION DIMENSIONS OF 
b a b wi) Wy = . « 
Peer 3p e/s frome Eq. (622). Finally, BROADSIDE-COUPLED STRIPS 


calculate w/b from Eq. (6-3). PARALLEL TO THE GROUND PLANES 


—_ 


e ‘ 
For kh suall, one may use 


’ 
K(h 2 4 
any = los. 


The error in this formule increases with k, being about % percent for k = 0.2, and 1 percent for k = 0.3, 
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ee eee 


*Y SIMPLIFICATION FoR (w/b)/(1 - 5/6) 21035 


If, in addition to the condition w/s > 0.35, one imposes the 
condition. 
EARN 0.35 
ML mtwe/ bei 
the fringing fields at Opposite edges of the strips will be sufficiently 
isolated that fringing capacitances can be specified that are essentially 


independent of the strip width. Then, the characteristic impedances are 


Biven by 
188. 3/ fe. 
aa = iid fw Bic wae! cad it (6-4) 
w/ Cc "5 
acaba) Cie Tale 
1 - s/b € 
and 


Zz = - (6-5) 
Cie w/b » C 
fo 
1 - s/b s € 


where the fringing capacitance, C’ is the capacitance per unit length 


that must be added at each edge Sree strip to the parallel-plate ca- 
pacitance so that the total capacitance to ground for the even-mode field 
distribution will be correct. Che is the corresponding quantity for the 
odd mode, and «€ is,the absolute dielectric constant, equal to 8.85€, out 
per meter. The fringing capacitances are functions only of s/b, and are 


Biven by 


Cc’ 
e 1 1 b b 
all 0.4413 + — fice, (a) + pba log ‘| (6-6) 
€ 7 ‘i's 


1 - s/b 1 - s/b 
Cs | 
fo b/s 1 ) s/b b 
—— = ——_ l LT TT — > - 
€ 7 free, i by pti eh 1 o8s 4 (Ce 


Equations (6-6) and (6-7) are plotted versus s/b in Fig. 6-3. 
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FIG. 6-3 
MODE FRINGING CAPACITANCES FOR BROADSIDE-COUPLED 


EVEN- AND ODD- 


VERY THIN STRIPS PARALLEL TO THE GROUND PLANES 


EFFECT OF A SMALL THICKNESS OF THE STRIPS 


When foil strips are used in the cross section of 


the- 


6-2, 


Fig. 
‘strip thickness of about 0.0015 inch is usually not great enough to af- 


but it can 


/€ ’ 


€ and C’ a 


/ 
/ 


e 


f f 
-plate capacitance between the 


fect seriously the zero-thickness values of C’ 


have an appreciable effect on the parallel 


mode case, depending on how 


defined. 
s should be taken to be the spac 


strips in the odd- 


In the usual case 


1s 


the dimension 
of s/b < 0.5 


ing 


4. Then 
qs. (6-4), 


in Fig. 6 


as 


(6-2) and (6-3) or 
(6-6) and (6-7) may be used with 


strips 
ccuracy. 


between the 
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Ss, 


strip thickne 


For greater 


the fringing capacitances will be larger than 


-COUPLED 


and (6-7) 


(6-6) 
The parallel-plate capacitance 


qs. 


. 
5 
’ 


the values given by | 


» 6-3. 


Fig 


and 
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between each strip and its adjacent ground plane will also be increased. 


Formulas accurate for this case have not yet been derived. 


B. FORMULAS FOR BROADSIDE-COUPLED STRIPS PERPENDICULAR 
TO GROUND PLANES. 


The even- and odd-mode characteristic impedances of the cross section 


of Fig. 6-5 are given by these formulas: 


188.3 K(k) 
Zz 2 = ae (6-8) 
9@ fe. K(k‘). 
296.1): ees 
z a (6-9) 
oo b m; eet 
— cos k + be ae 


where k is a parameter and k'. K(k), and K(k‘) are as defined in Sec. A, 


The ratio w/b is given by 


The inverse cosine and tangent functions in Eqs. (6-9) and (6-10) are 
evaluated in radians between 0 and 7/2. As in the case of broadside strips 
parallel to the ground planes, the dimension ratios may be determined ina 
straightforward manner for Biven values of Z,,and Zz ,: With the aid of the 
table of K(k)/K(k’) versus k in Oberhettinger and Magnus,? the parameter k 
is determined from Eq. (6-8). Then b/s is obtained from Ky. (6-9), and 
finally w/b from nq. (6-10). 


Equations (6-8), (6-9), and (6-10) are accurate for all values of 
w/b and s/b, as long as w/s is greater than about 1.0. As s/b is made 
small compared to 1.0, the formulas remain accurate for smaller values of 
w/s. This range of validity covers al] practical cases except that of. 


very loose coupling. 
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THICK STRIPS IN THE 
BROADSIDE-COUPLED, 
PERPENDICULAR 
ARRANGEMENT 


Effect of a Small Thickness of the Strips—-In the case of foil Strips, 


the effect of strip thickness can be neglected if s is defined to be the 


spacing between the_strips, as shown in Fig. 6-6. Sith thicker strips, 


a parallel-plate capacitance equal to 2¢t/(b-w) may be added at each edge 


to improve the accuracy. The resulting formulas for the characteristic 


impedances are | 


188.3) fe 

Cee an aa 
K(E) w 

and (6-11) 
94.15/ Ve 

ee AT big ] t 
—(— cos"! k + log. —}+ 
nX\s Sook b6-w 


These formulas should have very good accuracy if 2t,/(b-w)<<1, and should 


have an error of no more than a few percent for any strip thickness. 


C. COMMENTS ON THE DERIVATIONS 


The formulas in this section were derived by the Schwartz-Christoffel 


conformal-transformation method. '! This method enables one to evaluate 


the capacitance and characteristic impedance between straight-sided con- 


‘ductors when the problem can be reduced to twa dimensions, as in the cross- 


section plane of a transmission line. By means of one or more transfor- 


mations in the complex plane, the boundary of the cross section is 


transformed into a simpler boundary for which the solution is known. 


Then because of the special properties of the conformal transformation, 
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the capacitance and characteristic impedance of the original boundary are 


equal to the respective quantities of the transformed boundary. 
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FIG. 6-7 
BOUNDARIES CONSIDERED FOR THE BROADSIDE -COUPLED PARALLEL CASE 


Figure 6-7(4) shows the cross section of broadside-coupled strips 
parallel to the ground Planes. Vertical and horizontal planes of symmetry 
are indicated, and because of this Symmetry the solution can be obtained 
from the peometry of Pee. O+7Cb), “whichs+e tha upper right-hand quarter 
of the complete cross section, The boundary in Fig. 6§-7(b), consists of 
half of the Upper ground plane, the two sides of half of the upper strip, 
two vertical magnetic-wal] Segments, and a horizontal plane which is a 
magnetic wall-for the even-mode case and an electric wall for the odd-mode 
case. [n addition, the open end of the boundary is assumed to be closed 
at infinity An exact solution of Fig. 6-7(b) requires elliptic functions, 
In order to avoid these functions, it is necessary to reduce the number of 
right-angle corners in the boundary One way of doing this is shown in 
Fig. 6-7 (c); (where the lower vertical segment of magnetic wall is shifted 
to minus infinity. The new boundary is not exactly equivalent to 
Fig. 6-7(a) but the approximation is excellent in the usual case of w > ry 
In that case it is clear that for the even mode very little electric-field 


energy penetrates into the region on the left of the x = 0 plane in the 
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lower left-hand part of Fig. 6-7(c), while for the odd mode, the electric 
field is virtually uniform in that region. Thus very good accuracy is ob- 
tained in the even-mode case by evaluating the total capacitance between 
the conductors of Fig. 6-7(c) and assuming it to be equal to the capac- 
itance of Fig. 6-7(b), and in che odd-mode case by calculating the total 
capacitance minus the parallel-plate capacitance between x «= 0 and x # -®. 
This procedure has been followed in the derivation of Eqs. (6-1), (6-2), 
and (6-3), and no further approximations were made. Experience with other 
geometries of strip conductors indicates that an accuracy of the order of 
one percent should be provided for w.s as low as 0.35, and of the order 


of 0.1 percent for w.s greater than 1.0 


A similat approximation was made in the analysis of broadside-coupled 


strips perpendicular to the ground planes. The cross section is shown with 
its symmetry planes in Fig. 6-8( 4), 

and the exact quarter model is | 

shown in Fig. 6-8(b). As in” } 

the previous case, elliptic func- DNs ea SL pe rR 

tions are needed in the solution oo 

of Fix. 6-8(b), but are avoided 
in the solution of Fig. 6-8(c), 


which 1s the peometry that was 


used in the derivation of MAGNETIC WALL 6 

f FOR EVEN MODE, re 
Eqs. (6-8), (6-9), and (6-10). ELECTRIC WALL 

: ; FOR M 

The total even-mode capacitance day ale beach lL... empire eee 


in Fig. 6-8(c) is assumed equal MAGNETIC WALL 
(bd) 


to the even-mode capacitance 
in Fig. 6-8(b), while the total 


odd-mode capacitance minus the 


parallel plate capacitance MAGNETIC WALL 


FOR EVEN MODE, 
ELECTRIC WALL ~~-a, ° 
equal to the odd-mode capac- FOR O00 MOOE of 


itance in Fig. 6-8(b). The 


considerations about accuracy 


from y = 0 to y = “© is assumed 
. Seas LX 


MAGNETIC WALL 


. 4 y>=-o 
are the same as in the previous 
case, but jt is believed that (c) A bbeacknarey 
w/s should not be made spell ; FIG. ba 
than 1.0 unless further evidence 
; “£3 1 react BOUNDARIES CONSIDERED FOR THE BROADSIDE- 
justifies a lower amit. COUPLED PERPENDICULAR CASE 
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CHAPTER 7 


A COUPLED STRIP-LINE CONFIGURATION USING PRINTED- CIRCUIT 
CONSTRUCTION THAT ALLOWS VERY CLOSE COUPLING 


A. GENERAL 


In working with shielded strip line, the need for closely coupled 
strips arises in designing 3-db couplers! and broad-band filters. 23 The 
typical printed-circuit coupled strip-line configuration consists of 
two slabs of dielectric sandwiched between parallel ground planes. “One 
of the slabs has two parallel copper strips printed>on it Coupling is 
achieved by bringing adjacent edges of the two strips close cnough to 
cause appreciable capacitance to exist between the strips. Very close 
coupling requires that the strips be brought very near each other. For 
the 3-db coupler, and even more for very broad-band parallel-coupled 
filters, the spacing between strips becomes too small to be made accu- 
rately ising practical construction techniques because the allowable 
tolerance on the spacing decreases as the spacing decreases. Thus, there 
is'a practical limit to the inter-strip capacitance that can be achieved 


with edge: coupled thin strips. - 


One solution to this problem has been to orient the coupled strips 
face-to-face and perpendicular to the ground planes. “While this achieves 
large inter: strip Capacitance, it. 1s not always a desirable configuration, 
because it is difficult to build and it does not interconnect easily with 
more conventional strip-line circuits in which.the strip is parallel to 
the ground planes. Also, current tends to concentrate at the thin edges 


of the strips in this construction, causing higher losses. 


It is also possible to use thick bars for strips in order to achieve 
sufficient inter strip capacitance, but this possibility precludes the use 


of printed-circuit materials and techniques. 


| P OPOSED CONFIGURATION 


A cross section of: coupled strip-lines using the proposed construction 
is shown in Fig. 7-1. The two strips denoted by c, are tied together at 
the ends of the microwave component in which they are used, while in the 


coupling region Strips ¢ overlap the strip denoted by a. Thus, Strips ¢ 
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PROPOSED STRIP-LINE CONFIGURATION 


form a single transmission line coupled 


by Strip a Large coupling between the 


the parallel-plate Capa 


tion uses thin Strips p 


citance caused b 


arallel to the g 


to the transmission line formed 
se two lines is achieved by using 
y the overlapping. This configura- 


round planes, and thus is amenable 


to the use of printed- circuit techniques and materials It connects 


easily with Conventional strip- line circuits, and does not require crit- 


ical tolerances. This construction will be denoted by the tern interleaving. 


It is necessary to 


use a symmetric 


al construction with respect to the 


ground planes, requiring two outer center-strips for one line, in order 


to prevent fone: in 


to a eR pl 


C TECHNICAL DESCRIPTION 


The characteristic 


line Operating in the T 


where 


rv €. is the rela 


which the w 


ate mode between the ground planes 


impedance, Bea Of 4h lossless uniform trandmibaten 


EM mode is related to its shunt capacitance by: 


7 
AGE irae 


ohms (7-1) 


tive dielectric constant of the medium in 


ave travels 
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7 1s the impedance of free space = 376.7 ohms per square 


C/€ 1s the ratio of the static capacitance per unit length 
between conductors to the permittivity (in the same 
units) of the dielectric medium. This ratio is inde 
pendent of the dielectric constant. 


The even and odd mode impedances of coupled TEM lines*® can be found by 


substituting even and odd-mode capacitances of the lines into Eq. (7-1)..- 


A generalized schematic 
diagram of shielded coupled- ; 
! : " ‘ OC =-5 (Coo - Coe) 

strip transmission line is 
shown in Fig. 7-2. The cir- 


cles represent. the coupled - : 
I P ; Cen = Coe 


conductors. The capacitance 
to ground for a single con 
ductor when both conductors sa- are arr 


are at the same potential is FIG. 7-2 
C 


es the even-mode capacitance. 


: GENERALIZED SCHEMATIC DIAGRAM 
The capacitance to ground 
when the two conductors are 


oppositely charged with respect to ground 1s C,), the odd-mode capacitance. 


o 
It is assumed that the physical arrangement is such that the even mode 
capacitances of the two conductors are the same, thus implying that the 
odd mode capacitances are also the same. This chapter relates these capac 


itances to the physical dimensions of the strips. 


The structure of Fig. 7-1 is composed of parallel planar surfaces. 
This makes it practical to consider the total capacitance of a given strip 
to be composed of parallel-plane capacitances plus appropriate fringing 
capacitances. (Fringing capacitances take into account the distortion of 
the field lines in the vicinity of the edges of the plane strips. ) 
Figure 7-3 relates the various capacitances to the geometry of the struc 
ture under consideration. Two diagrams are shown to clarify the defini- 
tions for Strip @ inserted in and withdrawn from Strips ¢ All capacitances 
are defined on the basis of unit depth into the paper. The parallel plane 


capacitances to one ground plane are given by: 


(7-2) 


aa 


i = 


c ; ee bt 
Saeed ee, (7-3) 
€ bss g/t 


Capacitance AC. between the center strips: 


&/b and d/g in Bigs ened The fringing 


has been plotted asa functionof 


capacitance were found by con: 
formal mapping techniques The derivations are Biven-in Sec, KE, 
Graphs of the fringing capacitances as functions of &/b and d/g are glven 


in Figs. 7-5 through 7-9, Notice that the parallel plate and fringing 


capacitances are defined to apply from one side of the center line to the 


nearest ground plane, as shown in Fig; 7-3. 
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| Se Rm te eee SEI oor REG 167 OR Coe : 
' on Co, : ¥ ’ 
g ry ™ = © a 
' rete 
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FIG. 7-3 
CAPACITANCES AND DIMENSIONS OF PROPOSED STRIP-LINE CONFIGURATION 


The total even-mode capacitance for either strip is given by the sum 


ances to ground associated with that strip when oper- 
ating in the even mode: 


of all of the capacit 


Ca RAO ae CO ae oe alg Ce pe 5 Sala iter be (7-4) 


Equation (7-4) imposes the condition th 


at the even-mode capacitances be 
the same for the two transm 


ission lines. Similarly, 
ig ) é ~ 7 he ‘ ’ Zz ; 
cae y Zt. ¥ C, i fe i 2[C., : te 4 Oil vibe ies (7-5). : 


“When the Strips are Operating in the odd mode, 


they are oppositely 
charged, one POSitive and 


one negative, and thus a surface of zero poten 


tial exists Somewhere between them. The odd mode fringing capacitances 


include the Capacitance (AC) to this w 


all of zero potential, as well as 
the capacitances to the : 


actual Btound plane. 
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FIG. 7-5 
FRINGING CAPACITANCE OF OFFSET THIN STRIP 
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When identical even-mode capacitances have been imposed on the 
two lines, it can be shown that the odd-mode capacitances are also the 


same, Subtraction of Ea. (7-4) from Eq. i228) gives 

- ci.) ‘ 2(C’ pate yan (7-6) 

The see Capacitance betee ee the two lines is denoted AC and is given by 
ae a LT 2 tCus , a ; (7-7) 


This follows from consideration of the definitions of even- and odd-mode 
capacitances, as indicated on Fig. 7-2. The quantity AC/eée is given as a 
function of d/g and g/b in Fig. 7-4. The capacitance Cy is the same as 
C. at g/b = 0, and its value 1s given by 

Cy | : 
Bot 0.441 . (7-8) 


Through the use of the above relations and figures, it is possible to 
relate physical dimensions of the given -configuration to even- and odd- 


mode capacitances or impedances. 


D. USE OF THE GRAPHS 


Usually an engineer has already determined values of even- and odd- 


mode impedances, Z,, and Z,,, or even- and odd-mode capacitances, C,. and 
C,,» and wishes to determine the corresponding physical parameters. A 
simple procedure accompiishes this. Lquation (7-7) .can be written 
] CG Ose 
LO RON Ch acet Topeee tel tucrens Wr (7-9) 
2 € € 


Using Eq. (7-1) gives 


ioe) Dime agai ie Ale een (7-10) 
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Values of 6 and g are: selected, ond t hen used with the value of ASC /é 
found by qin (¢-=9)}5 of 4 7-10). Coodet era nie? ‘e directly from the graph 
of Fig. 7-429) Nexty having détermined if Iron Bib and hq. (4-1) pore 


ls possible to find HE: and we from Frese “725 and 7-6. These 


quantities are substituted in hq. (7-11) to pive c/t. 


Pee sage | ite ae . 
Yh Mae rnin) Me ca Pag faeeeer eM eo har (7-11) 
9 9) oe s cm te 


Finally, ae is found «from Fig. -7-8 ‘and substituted in Eq. (7-12) to 


give a/b 2 
he t : . ue ot 0 441 
ajb = -— | —F aD ear Gaeta : . 
‘ = 22 oe ae (7-12) 
Thus all the, physical -dimenstane are determined. These formulas are 


accurate fora tie Ola Seat Vey Cl ay by me th ete For narrower widths, 


simple corrections are possible which will he piven dn 4 he next section, 


Equations (7-]]) and C012) laded ty abet ermine c/b and a/b, were 
derived from hq. (7-4) and use no odd-mode capacitances, Similar equa- 
tions for determining a ob and c/b could have heen derived using Eq. (7-5), 
and then no even-mode capacitances sould have Leen involved. Both methods 
are equally valid. “This report includes graphs of both even- and odd- 
mode capacitunces for completeness: and for pessible applications in which 
one mode may be of preater Interest than another, although only the even- 


mode graphs, Figs. 7-6 and 7-8 will be used in the examples to follow, 


In a specifie device, the feeding lines connected to the coupled 
region may be constructed of single and dual strips in isolation from 
each other. The characteristic Impedance of a single thin strip between 
parallel ground planes® is either the even- or odd-mode characteristic 
impedance of Strip a when widely Separated from Strips c. . Adding the 
fringing capacitances from the edges of a thin strip [see Eq. -(7-8)] to 
the parallel] plate capacitances from its surfaces [see Eq. (7-2)), and. 
then substituting “in hye: (7-1) givesothe following formula for: the rela- 
tive strip width, a/b in terms of the characteristic impedance, Z,, for 


an isolated single strip between parallel Kround planes: 
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>= - 0.441 ; (7-13) 


for a/b > 0, 35. 


Similarly, for thin dual strips between parallel ground planes, the 
fringing capacitances (Fig. 7-5) are added to the parallel plate capaci- 


tances [Eq. (7-3)) Vand ‘substituted jin Iq. (7-1) to yield 


y 
Sedo spec h oink Ghia vipa clan eeu: (7-14) 
WZ ye fa 
ee GI poy oO O35 us the 'pebat pon belenen relative strip width, 


c/h, and the characteristic impedance, ak Corrections for narrow strips 


will be piven in the next> section. 


I. CONSTDERKATIONS OF ACCURSCY 


If the-strip widths a and c.oare allowed to fecume too small, then 
there is interaction of the fringing fields from the two edges, and the 
decomposition of total capacitance into parallel plane capacitance and 
fringing cCapacttances (which are based on infinite strip widths), no 
longer is accurate, Cohn'® shows that for a single strip centered be- 
tween parallel planes, the error in total capacitance from this cause 
bs about 1.24 percent for w/(b - t) = 0.35, where w is the width of the 
strip, ¢ as its thickness, and boas again the Kround-plane spacing. If 
maximum error in total capacitance of approximately this magnitude is 


allowed, then it: is necessary that a/b > 0,35 and [(¢/b)/(]) - g/b))] > 0.35. 


Should these inequalities be too restricting, it is possible to 
make approximate cofrections based on increasing the parallel-plate 
capacitance to compensate for the loss of fringing capacitance due to 
interaction of fringing fields. Tf an initial value, a,/b is found to 


be Tess than 0,35, a new value, a,;6 can be used, where 


a,/b - (O0V07 4.4546) 49, 20 (7-15) 


provided 0,] < a,/b < 0.35. A similar formula for correcting an initial 


rd 


value c,/6, gives a new value, c,/b as 


e,/b = [0.0701 - e/b) +e, /bd/1,2 SPOT =16) 
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provided g/6 is fairly smallound 0.1.5 .(¢,/0)/(1 >-e/b). <-0.35.)- ‘These 
formulas are bared on a linear approximation to the exact fringing 
capacitance of a single thin strip for a width to plate-spacing ratio 
Letween 0.1 and 0.35. As the relative strip width becomes narrower than 
0.35, the fringing capacitance, defined as total capacitance less parallel 
plate capacitance, decreases from the value Cy or Ci used in the deriva- 
tions. and graphs. The total cupacitance is given Be tubes vuvine into 
(7-1) the exact thin-strip formula for Zz, given in Ref. 6. Equa- 
tions (7-15) and (7-16) add sufficient parallel-plate capacitance to 
compensate for the loss of fringing capacitance. The loss of fringing - 
1s assumed to vary linearly below a relative width of 0,35, and it is 
also assumed that Coo decreases Ly the same amount as does Cie although 
the tormulas are analytically only approtomate for coupled strips, they 
are sutficrently a curate for practical use because they do no more than 
give au small correction to a quantity that ls reasonaviy close to the 


exaét value. Thevooan be used with loth aiselated and coupled strips. 


The discontinuity in the slope of C ft WA C1. 148 at d/¢ : 0 is 
not a physical phenomenon, but is a Pt rece result of. considering 
dimension a to extend to the edge of Strips c for positive d, while for 
negative d, dimension a extends to the edge of Strip a, as shown in 
Fig. 7-3. The only practical effect of this situation is that the width 
of Strip a is equal to dimension a when d is negative, but when d is 
positive the width of Strip a is equal to the sum of dimensions a and d. 


This is shown clearly in Fig. 7-3. 


In deriving the fringing capacitance, one of the assumptions made 
was that the strip was infinitely thin. Investigation of a graph given : 
by Cohn'6 shows that the fringing capacitance, Cy/E from a strip centered 
between parallel ground planes increases by about 2 percent forall percent 
increase in the ratio of strip thickness to plate spacing, for a very 
thin strip. Fringing capacitance is usually only part of the total ca- 
pacitance involved in a strip-line circuit, so that for many situations, 
a strip no thicker than 1 or 2 percent of the associated parallel- -plate 


separation can be considered thin without serious error, 
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The derivations for the fringing capacitances are exact for infinitely 
thin strips with dimension a (see Fig. 7-3) extending infinitely far to 
the right while dimension ¢c extends infinitely far to the left. The com- 
puted values from which the curves were plotted were accurate to three 
places after the decimal, although the curves themselves cannot be relied 


on to be closer than about +5 in the third significant figure, as plotted. 


For insertion of the Strip a between Strips c beyond the maximum 
plotted, d/g = 1.0, the even-mode values C’./€ and C!./€ do not change 
from their values at d/g = 1.0, while AC/e and the odd-mode values C’ o/é 
and C’ 

¢o 
d/g = 1. For spacing between Strips c greater than g/b = 0.5, or for a 


fe, can be found simply by adding 4(d/g - 1) to their values at 
separation d/g < -2.0, probably some different strip-line construction 


would be more suitable. 


Finally, it should be noted that if these curves predict a value of 
d positive and approximately equal to or greater than c, the result is 
‘not valid. When Strip @ protrudes all the way between Strips ¢ in this 
manner, it merely means that too great a value of g/b was selected to 
realize the odd-mode capacitance. This restriction may be expressed 
mathematically by requiring that d < ¢ ~ (g/2). If this condition is 
not met for a desired set of capacitances, then it is necessary to make 


g/6 smaller and determine new dimensions, 


F, APPLICATIONS 


The graphs and procedures described above have been used to design 


strip-line 3-db couplers,'5 and a strip-line parallel-coupled filter, 23 


A 3-db coupler was designed to have an input impedance of 50 ohms. 
Figure 7-10 shows pertinent details of its construction, The dielectric 
material used, Hexolite #2200, has a published dielectric constant of 


2.77. This material is commercially available with sheets of 0.00l-inch 


copper bonded to the sides, 
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A center- frequency coupling alate of -2,8 db, rather than a4 db, 
“was chosen to allow for an expected decrease in coupling at frequencies 
away from the center frequency, Use of the formulas of Refs. 1 or 5 

nave values of 125,15 ohms for Z,, and 19,95 ohms for 213° Substitution 
of these values in Eq. (7-1) Kav Cc = Fae) an fe oe Ph OM “Usdin 
the laminate thicknesses shown on Fig. 7-10, it was tound ‘that “g/o= 0.0964. 
Equation (7-9) and Fix. 7-4 showed the required value of d/g to be 0.445. 
Then, use of the procedure described in the preceding section, including 
Eqs. (7-11) and (7-12), gave a/b = 0.284 and c/b = 0,107. (In the coupler 
constructed, a value of 0.097 was used for c/b because Fig. 7-5 had not 
been prepared, and an approximate method was used to find Ci /e. The 
coupler was made one-quarter wavelength long in the dielectric at the 


center frequency of 200 Ne. 


Performance curves for this coupler are shown in Fig. 7-11. The 
behavior of the coupler is typical of 3-db backward couplers made in 
other contigurations. 

A second 3-db coupler was made on another project for parametric 
amplifier work, This coupler was designed to have a center frequency 
of 1000 Mc, Jn.this design the strip widths were widened in: acéordante 
with Eqs. (7-15) and (7-16) for correcting narrow strips. The dimensions 
are shown in Fig, 7-12. The bulk of input reflections were caused by 
reactance of the right-angle bends joining the feed lines to the coupling 
region. The purely capacitive tuning screws shown were much more ef- 
fective in cancelling the reflections than were modifications of the 
structure of the bend or tabs on the feed lines at the bends. The greater 
effect of the bend reactance as frequency increases is shown in the per- 
formance curves for this coupler, Fig. 7-13. Figure 7-14 is a photograph 


of the coupler. 


A parallel-coupled filter? was made in interleaved construction, 
also. This filter was designed to have a 30 percent pass band, with a 
center frequency of 1000 Mc. A sketch giving pertinent dimensions is 


shown in Fig. 7-15, and the frequency response of the filter is shown 
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FIG, 7-14 
1000-Mc 3-db BACKWARD COUPLER 
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in Fig. 7-16. The bandwidth is very close to the design value, but the 
shape of the pass-band response and the pass-band loss are not in close 
agreement with intended pass-tand response, which 18 shown in Fig. 18-8(b) 


“ause of the pass-band 


fo 


in Chapter 18 of this report. ‘the most important 
discrepancies .was that the coupled strips were not all exactly the proper 
electrical length, The fringing capacitances from the ends of the single 
strips differ from those of equivalent dual strips, and these fringing 
capacitances yreatly antluence the electrical length of each strip. Thus, 
different compensation is recurred tor the two types of strips, and un- 
fortunately, no reliable analytiéal method is presently available for 
deversining’ the end- fringing for either case, Some improvement ain the 
pass-band response was realized by using capacitive tuning for each sec- 
tion, but it was not possible to compensate each section exactly, and 

the tunings Lor each Section was influenced by the tuning of the preceding 


sections, 


bor a 30 percent bandwidth filter, stich as “tater bee. s7-15. “the 
only places where interleaved construction is really necessary are at the 
coupled strips on each end. The tuning difficulties could have been 
largely climinated if the main body of the filter had been designed to use 
parallel-coupled single strips 2 with interleaved construction only at 
the end sections, For a two-to-one or three-to-one bandwidth filter to be 
used, say, as a high-pass falter, tight couplings (and thus overlapping 
strips) would be needed for all sections. ltaedver. for a filter of such 
wide bandwidth, the tunine errors wonld have a much less disrupting effect 


on the shape of the pass-band response. 


The filter and the couplers used a simple transition to coaxial line 
devised by J. Shimizu. In this transition the coaxial-line center con- 
ductor is machined to a flat tongue extending into the strip-line device, 
such that one or both flat surfaces of the tongue make contact with the 
single or dual strip-line conductors. The tongue is made thick enough to 
be a very tight fit when the strip-line device is assembled. ©The VSWR for 
this type of connector® is typically less than 1.025, using mechanical 


pressure alone to vive good electrical contact, 
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G. DRREVAT RON OF PREREING CAPACTPANCES 
1. PRELEMENAHY 


Tt is desired to determine the static fringing capacitances shown on 
Cae ostructure of Fie. 7-3 tv.means of conformal mapping techniques, 7.8 
This can be done by subjecting the boundaries of the structure to trans- 
formations under which capacitance 1s invariant, and that lead to a new 
Structure for which capacitance is known Subtraction of parallel plate 
capacitances of the original structure from the total capacitance then 
leaves the fringing capacitances The analysis will be limited to struc- 
tures in which Strips c and a are so wide that interaction between 
fringing fields of the two edges of a single strip are negligible. As 
discussed in Seetren BE, this requires that the approximate relations 
a/b 7 0.55 aad [€e/b)/U1 - g/b} > 0.35) be held. Under these conditions 
vt is possible to let Strip c¢ extend infinitely far to the left, and 
Strip a infinitely far to the right without disturbing the fringine fields 
appreciably in the region where the two strips interact. Also, the 
electric field can lie parallel to the horizontal centerline where no 
conductor exists, but cannot cross it because of the symmetry of the 
structure, assuming the two conducting Strips c are always at the same 
potential with respect to each other. Therefore a magnetic wall can be 
Placed along the centerline extending infinitely far to the lefe from 
the left edge of Strip a. These modifications allow analysis of only 
half of the total symmetrical structure, as shown in Fig 7-17(a). The 
mathematical model is shown in Fig. 7-171). Conductors are indicated by 
solid Fines and the magnetic wall is indicated by a dashed line The 
epper-case seript letters of Fig 7-l7th) denote pertinent points of the 
Structure and will serve as references when transformations to different 
complex planes are made The values chosen for the various points on the 


z-plane will prove convenient under transformation 


The analysis consists essentially in transforming the contours of 
the structure on the z-plane into a parallel-plate representation on the 


w-nlane, where capacitance can be computed directly. This procedure is 
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CROSS-SECTION OF PROPOSED CONFIGURATION ON 2-PLANE 


complicated by having three conductors while only two are desired for a 
perallel-plate representations «This ‘complication will be resolved by 
showing that there exists a surface of zero potential, which can be 
replaced by an electric wall, running between the conducting strips for 
the odd mode, and that this same surface can be treated as a magnetic 
wall for the even mode. Figure 7-17(¢) shows the wall running between 
Points +, a saddle-point, and h, following some curve whose exact shape 
is unknown. A subsequent transformation wil} rectify this curve, 


dividing 
the structure into two parts, cach of which }, 


as only two conductors and 
can be further analyzed separately. 
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INTERMEDIATE TRANSFORMATIONS FROM z-PLANE 


As a first step, the interior of the polygon GECSA’ will be mapped 
onto the upper half of a z,-plane as shown in Fig. 7-18(a). The mapping 
is given by Kober® as 

iene: | l+a 
2 


In(z, <°)) + In(z, + 1) ; (7-17) 


The points noted on the z-plane are related to points on the real axis of 


the z,-plane by 
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SO ne 


The small circle at point © indicates an infinitely small gap at that 
point, such that the conductors on either side may be different potentials, 
Point & is removed to -© under the next transformation, which is to a 


z,-plane. This transformation will place points © and & equidistant from 


the y, axis, as shown in Fig.7-18(b). The transformation is 
oi) SRST i a anes iy, o2 (7-20) 


The source of this: transformation, as with most transformations used in 
this chapter, is a combination of experience and the use of references ,tW 
However, although the derivations of the transformations may not be y 
obvious, they may be checked at points of interest simply by substituting 
values of the independent variable and observing that the transformation 


Bives the correct result for the dependent variable. 


The structure on the z,-plane will now be related to the given struc- 
ture. The conductor between (0’ and © corresponds to the ground plane on 
the given structure. The conductor between & and © corresponds to Strip a 
in the given Structure, and the conductor between 2 and PD corresponds to 
one of the Strips ¢ in the Kiven structure. The z,-plane structure is 
symmetrical about the Y, axis. Under even-mode excitation both conducting 
Strips a and ¢ are at the same potential, and thus no electric field lines 
cross the y,-axis. Therefore, a magnetic wall can he placed along ‘the 
¥2-ax1s and left and right halves may be analyzed separately. Under odd- 


mode excitation the conducting Strips a and c are oppositely charged with — 
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respect to the ground plane, and thus all electric field lines crossing 


the y,-axis must cross normal to that axis to preserve symmetry... There- 


fore, an electric wall at zero potential may be piaced along the ¥27axis 
and left or right half only need be analyzed. Notice that script letters 


& and 3 have been assigned to the end points of the line of symmetry. 


By means of the transformation 


z = are cesh z, (7-21) 


The interior of the polygon GAxG’ goes into the upper half of the z,-plane, 
and the polygon 2h goes into the lower half of the z,-plane, as shown in 
Fig. 7-18(c). Only that portion of the x, axis between 3 and X is common 

to both upper and lower half-planes, and for this reason the x, axis is shown 
split beyond & and 3. The solid line (conductor) between & and 3 is to be 
used for odd-mode analysis, while the dashed line (magnetic wall) is to 


be used for even-mode analysis. 


On the z,-plane & and & fall at +1.0 and -1.0, as can be determined 
by substituting the known values of & and d on the z,-plane into Eq. (7-21). 
In order to find 2,(5) it is necessary to work from the z, plane, where 
Kober? shows that z,(%) = -1.0. Then, by successive substitution and 


manipulation of Eqs. (7-20) and (7-21),it is found that 


re 1 2 ,2m+ erobe 
2 D = py. Faced it peameanomeraaneemonomonrcee? a eae aed = neat = <- 
Ne 2 [V2 2) 2 s 
where ~5 is the value of z,(8) on the z,-plane. Notice that 

a a Ne 7 (7-23) 


By the symmetry of the z,-plane with respect to the imaginary axis 


and the nature of the transformation, Eq. (7-21), 
z4t€) = _2;(8) -! a (7-24) 


although it should be noted that © and B are on opposite sides of a branch 


cut on.the z,-plane. 


125 


2. Opbd-MovE FRINGING CAPACITANCE-—STRIP a 


Now consider the odd mode, and investigate the fringing capacitance 
of Strip a, which is associated with point ©. The upper half of the 
z,-plane is transformed to a parallel plate region on the w,-plane by 


> 


ty = (1/2) UE -.1) cosh my, - (¢ + 1)) (7-25) 


as shown on Fig. 7-19(a). 
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FINAL CONFIGURATIONS ON w-PLANES 
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The total capacitance on the w,-plane is parallel-plate capacitance. 
The amount of capacitance per unit permittivity between the w,-plane 
origin and some location uy > 0 is equal to uy, for unit depth into the 


paper, because there is unit spacing between the conducting planes. This 


is the odd-mode capacitance te one ground plane from Strip a. The cor- 


responding capacitance for Strip a on the z-plane is the fringing capaci- 
tance from the vicinity of © plus the parallel-plate capacitance, which 
will be defined as the amount of parallel-plate capacitance from Strip a 
to vyround, measured between 2z(2) (Edge C) and the mapping of uy mentioned 
above onto the z-plane. Mathematically, the z-plane parallel-plate 
capacitance, relevant to some value u, on the w,-plane, has the value 
(1/7)Relz(u,) - z(a)], as can be deduced. from Fig. 7-17(b). Alternatively 
this defines the fringing capacitance in the odd mode from Strip a to one 
ground plane as the difference between the total capacitance to some value 
u, on the w,-plane and the parallel-plate capacitance out to the mapping 
of u, on the z-plane, as u, approaches infinity. This odd-mode fringing 
capacitance from Strip a will be denoted by C.,/e€. From the above 


discussion, 


Cf = lim {u, = Fp (z(u,) - z(a))} (7-26) 
ON aks 7 ; 


From a physical point of view, this definition of parallel-plane capaci- 
tance assumes that Strips a@ and ¢ always overlap. Mathematically, the 
definition of parallel-plane capacitance is wholly arbitrary, so that 
this physical defect in definition need not be ameliorated until the 


mathematical derivation is complete. 


The bracketed term of Eq. (7-26) will be expanded separately: 


lim Re(z(u,) - z(a)] = lim Re[z(z,{2,(z,(a,))}) a z(a)] MN Og dae a | 
CT ure : 


This can be handled factor by factor. From Eq. (7-24), 


1 Tu 
hile het Dalya Tee ey (7-28) 
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Substituting in Eq. (7-21), and selecting the positive branch, 


hit i ms 
lim Pata) = if (Et ir) ] 


De ey 


Further substitution into Fq. (7-20) gives 


wu, -@ 


: Soe ES 1. Tu 
lim z, (u,) Se WA Og hess Det ct | 
1 : A 


Then, substitution into Eq. (7-17) gives 


1 ss Baths tera) 
Him (u,) + mu, + nfo - 1) Gea 


1 


(7-29) 


(7-30) 


(7-31) 


This result, Eq: (7-31), will be substituted back into Eq. (7-26) to find 


CG fe. 


which gives 


1 | Ate 
CL fe = Re rem - In lz ¢ Sed Nosed Gere n 


The term in brackets can be simplified somewhat by eliminating - 


of 7, using Eq.. (7-22): The result is 


iy 1 
rae ecu ban ae +3- W9m+ D) | 


The final expression for Cl /e is 
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(7-32) 


(7-33) 


in favor 


(7-34) 


(7-35) 
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3. Opd-ModDE FRINGING CAPACETANCE—-STRIP C 


Strip c is associated with points ECD. . Equation (7-21) mapped the 
polygon Skdf2 of the z,-plane onto the lower half of the z,-plane 
(Fig. 7-18). The lower half of the z,-plane is next mapped onto the 


w,-plene by means of the transformation 
1 a | 3 7 
z = = oy ((é oie ly Wri aber Geetartag 1) cosh mw») (7-36) 


assuming unit depth into the paper, the total capacitance per unit permit- 
tivity as a function of «, 18 equal to u,. The parallel-plate capacitance 


to the adjacent grouna plane of one of the Strips ¢ may be defined as 


Re(z(a) -. 2(u,)) 


nn 


(7/2)(1 - a) 


from Fig 7-17, in a manner similar to that defined for Strip @. The dif- 

ference between total capacitance and parallel-plate capacitance, relevant 
to sore value of u, approaching infinity, is the odd-mode fringing capaci- 
tance «f Strip c, and will be denoted by C)j/e. Therefore, from the above 


Aiscussion, 


Ree eta aaa 
Come tiw ea Te as “(7237) 
f° Stew tie (7/2)(1 - a) 


The term in brackets may be evaluated for u, * % in a manner similar to 
that used in determining ©) /€, except that in this case the negative 
branch of the are cosh z, is the appropriate choice to satisfy the 


mappings described: 


lim z(u,) = z(2,{z,[2,(u,)))) eis (7-38) 
wo-” é , 
From Eq. (1-36) 
; 1 ru ‘ 
Timez fesdy enemies eee ire (7-39) 
ug” 4 
Fror Eq. (7-21) ; 
lim 2,(u,) = - In=(E- Le? - in (7-40) 
Oe aes 
129 


lim! 3 (uy)ie nl Ve) vatqer dy ae neat ae (7-41) 
re pret Cl/2) (5 221) -050 3 


W2(n + 1) “Tuy ; ; 
im oe) Uy) cose) tao en eae iY ¢7o 435 
B72. eo cree a | ‘ 


Substituting in Eq: (7-17) gives 


4y ye Ha) ae liton SOQ ELS mie, 
lim z(u,) = : In Ferra e | i. a es a : Uy] uy ] 
Ie ate 2 ; sae | = Std 
(7-43) 
which becomes 
ear a lo % Din +1) lta on 
wee z(u;) be 3 ce E In [2a] + a Mi oat y 9 (1 - a) 
(7-44) 
Substitution co Ol A a ar pti Eq. (7-37) pives: 
22(a) 1 ade At MESS B ovecy bia hirer 
Cl aye Geese ty {ay Ase eae uy +—ln ——i i joe In 2} 
€o u -@ m™(1 - a) 7 iE 7m 1l-a 
(7-45) 
or 
a a 6 2/2(n + 1) 22 (a | 
OC a/t | #laeT) mnt Inbousat hi aero ted al eaue ale (a) (7-46) 
£8 CLL Ge a page | L=¢ 
Fliminating € in favor of 7» gives the final result, 
he 8(n + 1)- : 
C fh Ne | —— Ino 24th pepe SWE peeked z(a) 
bie se fb Wed a (1 43) 202 (yn +51) i- 
(7-47) 


4. -LVEN-Mope RINGING CAPACTTANCE—STRIP. a 


Inv analyzing the even mode, the two Strips, a and c are at the same 


potential, as Previonsly discussed, and the plane AX may be considered 
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oO ee 


. . (% . 
as amagnetic wall. ForStrip a, associated withpoint C, the transformation 


from the upper half of the z,-plane, Fig. 7-17(c) toa w,-plane, Fig. 7-18(c),is 


Tye ese) ite fl) cost ew no (me A Jr. (7-48) 


The definition and discussion of paralle] -plate capacitance for Strip a 
Riven in connection with odd-mode capacitance holds for this case also. 
The even-mode fringing capacitance is given by the difference between total 
Capacitance and parallel -plate capacitance, so that by analogy with Fq. (7-26), 
the even-mode fringing capacitance for Strip @ is 

Ce eae. Lie a. Se (177) be Ga) = Lad), (7-49) 

ua 3 
3 
The algebraic manipulations are simplified hy noting that ipa z,(4,) of 
Ky. (7-48) differs from lim ny ce) of Eq. (7-28) only Gn chat (Goer 1) and uw, 
o)°™ : 

must be replaced in kg. (7-28) iva es +1) and uy, respectively. Then, because 
subsequent: transformations are the same in both cases, itis possible to go 


directly to hy. (7- 33), replace ine by Cis and (4 ~ 1} by (e+ 1) 5 yielding 
Goyer f=: Re! (YA )Ta(a) In ((1/20s + 1) V2 1)) . (7-50) 
Flirinatins 5 in favor of 7 by use of Eq. (7-22) gives the final result, 


/€ Ne (a) In 
= ¢ ny { Zz a - 


“ot 


“ee: 


/ + LD. 
(7 + 3) eee | ae 


5. EVEN-Mope FRISGING CAPACLTANCE—STAIP c 


The same reasoning and procedure may be used in finding the even- 
mode fringing capacitance from Strip c as were used for the other three 
fringing capacitances and, in fact, this was done in the original work 
on this problem. However, only three capacitances are required to describe 
a narallel coupled TEM structure, as in Fig. 7-2, and this indicates the 
possibility that if three fringing capacitances are known, the fourth may 
be related to them by a function which is indenendent of the geometry of 
the structure. This Reometry-indenenient function, applicable to any 
parallel-coupled TEM structure that can be represented schematically by 
Fig. 7-2, is Biven by Fq (7-6), which unon maninulation, may be 


written as 


CRIVET OR Gere Ce ECE ee CR fee AC JE” 8.7 7889) 
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using Eq. -(7-7). for the definition of AC/ev Thus! (the unknown fringing 


ve 


capacitance, C../€, (ean be written *as a linear combination of the other 
three fringing capacitances Substitution of Eqs. (7-35), (7-17), and 


(7-51) into Eq. (7-52) yields 


Cy Rereg | rey ret RAC AT Mi ee AR aD BBR oe). 
EPP Fe) hewmen Phe ee Me a Gye Baty eT} 


(7-53) 


This result agrees with that found for Cis directly from the mapping. 


6. DEFINITION oF PARALLEL -PLAaTE CAPACTTANCE of STRIP a 


In mathematically determining the fringing capacitances for the 
centered center-strip, Strip a, the eaunivalent parallel-plate capacitor 
on the z-plane, Fig. 7-17, is extended to the right from z(a) for all 
cases. In considering the Physics of the Situation, it is apparent that 
a4 more realistic definition would have the parallel-plate capacitance for 
Strip a computed from the edge of Strip a, (7), except when Strip a is 
shielded by Strip c¢, and then the parallel-plate capacitance would he 
computed from the edge of the shielding Strip ¢ at 2(a). In order for 
the plotted curves to agree with this physical definition, it was 
-hecessary to add a parallel-plate capacitance to computed values of 


’ 


tao/® and Co fe. This parallel-plate Capacitance was added only when 
2(m) > z(a), and simply replaced that subtracted in the derivation. The 
value adled to ve and Cie was equal to [z(n) =, 2(1)) /n In terms 

of dimensions, this additional capacitance per unit permittivity can be 
expressed as |2u/bl for @* 0. The. plotted. curver for Strip a, Figs. 7-3 


and 7-9, incorporate this term 


4 e ; ‘ +8 
fe DENRTVATION oF Gf 


The fringing capacitance Giaf/€ is that from the edge of a strip 
located between a parallel magnetic wall and a paralle} electric wall, 


as indicated on the Beanh, Fig, 7-5. fet ean be specified mathematically as 


mea 7s” Vi Oe or Ode (7-54) 


d*=% ¢o ce ; 
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a = 


From Fig. 7-17 it can be seen that z(n) ~ © as d ~ ~~, and on Fig. 7-18(a) 
this correspon'!s to 7 ~ ®. Thus, using Fq. (7-47), 


; ; Vfat a has Bin +1) 2 
c = — —_———————— - — 
<wié aa Re = i Fie In 2 Yoda i Pa) aint 1) ee xa] 
(7-55) 
or 
ee ee Bi 3 | 
Glave : >| : In 2+ In 8 - Re (a) | (7-56) 
WAL od l- a 


.The real part of 2(a) is given in Eq. (7-14), and from Fig 7-17, @ is 
found to be related to g/b by 


eee yy. aes Ge (7-57) 


Thus, C' 
¢€ 


~/€ can be expressed in terms of g/b by 


J : cet Ps ~ we gi P| 
Coal Sead E In 2 In (1 g/b) Tay In o/| (7-58) 


This is plotted in Fig. a The fringing capacitance C,/e is the value 
of C’,/e for g/o = 0, and is 


Cree in Doe waa ys (7-59) 


8. SUMMARY OF EQUATLONS 


A schematic diagram, showing even and odd mode capacitances for 


coupled strips in uniform TEM line is given in Fig. 7-2. 


The geometry analyzed and the specifications of fringing capacitances 
‘ are given in Fig. 7-3. The parallel plate capacitance for Strip a is 
given by 


Saale 2 ae * (7-2) 


Notice from Fig. 7-3 that dimension a is defined differently for 
d> 0 andd< 0. | 
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The parallel. plate capacitance for Strip c is given by 


raphih) calm) (7-3) 
a 1 - g/b 


The mathematical model of the structure analyzed is given in Fig. 7-17 
The dimensions of the structure are related to the coordinates on the 


z-plane of Fig:7-17 and the z,-plane of Fig 7-18 by 


g/b = ee (7-60). 
* 2 = 
z(a) - 2(y) 
ff Be Eo boven scenes (7-61 
ne nl + a) 


The z-plane functions are related to the locations on the 2,-plane real 


axis by 
Lee a Lint 
z(a) = > In (1 - a) + sn ta) 
(7-18) 
a l+a 
z(7) = In (n + 1) + m In (yn - 1) 
where 
-10<a4< 1.0 
(7-19) 
7 > 1.0 
The fringing capacitances are Biven by: 
: 1 + 3) = 375t ? TD 
Cat + tet fata ~ ts a ed eT 
n 4 
which is plotted in Fig. 7-9, 
Ce Re‘ TOR ae ae 8(y + 1) 2 ta) 
+54 = a fa idl = i] 
a 7}]l- a (7 + 3) - W2MH FT) pare 
fF (7-47) 
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which is plotted in Fig 7-7, 


2 1 sane) one PALO eu | 
Cose. 3\ Re a - In Ge sieiaaieet| : (7-51) 
n 4 ; : 
which ts nlotted ae Faw 7-%, 
ra ee Be ake . 8 
ere, he sly 2+ In ene) BE = : z(a) 
VE ag eaten Oe Riese (yt) 3) + oy 2p eh) bared 
(7-53) 


which is plotted in Fig. 7-6, 


. | 1 . g/b . 
C / See eee - - So ecteerenenia ; - i 
ow /é sa 2 : 2 In (1 g/b) cays ln u/s), (7-58) 
Pee iiatnlotted iniFig. 7-5. *:- Also, 
2 fe 3 ' 5 
Cie + Ind = 0.4913. (7-59) 
7 


The total coupling capacitance between strips is given by 


or 


Ue t, ye Ce fess OC) Jem Co eas cum S22 bo) 


€o' 


which is plotted in Fig. 7-4. 
A formula relating dimensions to characteristic impedance for an_ 


isolated single strip is 


; 
a/b. = meee THOKAAL | (7-13) 
| 42, %€, 
and for an isolated dual strip is 
BA Ges oe er! | 
cb = (1 --(——- =} . (7-14) 
b 42 VE, € : | 


Approximate correction formulas for narrow strips, either isolated 


‘or coupled are 


for an initially determined value a, AUMOR Ai butler ru wits kA pelea ties 


that Q,l<a he, 35, and 


ah, Sieh 


(0.0701 ~ g/t) 4 ©) 7b) 
Cy fb wee hh 
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for an initially determined value ce, 6, and a corrected value cj/b 


» such 
that 0.3 Se, Vby AAP = Byby © 0,35. 


H. SUMMARY 


Anew stripe line contiyuration has been presented, applicable to printed 


circuit construction, that allows very close coupling to be achieved with- 


oul resorting to very small Coupling gaps and excessively critical dimen- 


sions, Graphs of evens and odd-mode fringing capacitances have been given, 


These ypraphs can be used with simple formulas, which also are given, to 


determine the dimensions of the configuration that will give specified even- 


and odd-mode characteristic impedances of shunt Capacrtanees, 


The usefulness of the Kraphs and formulas was demonstrated by using 


them to desipn 3-db backward-scouplers and oa filter. The performance of the 


couplers in this new configuration was typical of similar couplers made in 


more conventional configurations, as expected, However, the devices shown 


have an advantage in that they can be manufactured by relatively inexpensive 
and rapid printed-cireuit methods and, since the region between the cones 


ductors is solid dielectric, they are unusually rugged, 
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CHAPTER 8 


NON-PLANAR COUPLED TRANSMISSION LINE CIRCUITS 


A. GENERAL 


Jones and Bolljahn! consider the ten possible planar circuits that 
may be formed using a single pair. of coupled transmission lines: with 
different terminal connections. This section extends the earlier study 
by adding the analyses for two non-planar circuits. The non-planar con- 
figurations are found to have properties similar to certain of the planar 


circuits described in Ref. 1. 


B. ANALYSIS 


The two configurations of interest are illustrated as coupled con- 
ductors wrapped around a cylindrical ground plane in Fig. 8-1. In each 
case, two terminals are available to serve as input and output ports of 


a symmetrical two-port network. 


(o) (b) 


RO-2326-TS- 242 


FIG. 8-1 
TWO NON-PLANAR, PARALLEL-COUPLED TRANSMISSION-LINE CIRCUITS 
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The network equations for the coupled line system may be written, 


taking due account of all the Symmetries. involved, as 


Vy, WZ + IZ) + 132, TZ 
V2 yep + 1,2 y 152, + 142, 
(8-1) 
Wight od eins eles anne g earuet 142 
Ma ey alse et tye ley 
where 
\ y 2) cot & 
Zu —d (2., Zoo 9 
aie Z cot UY 
Zp ™ | (Z,, = foo! 9 
(8-2) 
Ccs¢ © 
ca at NE (Z,. : a9 2 
; : ese U 
cay) a (2, . % hoo) Pa 
and where 
Zoe * Characteristic impedance of one wire to ground 
with equal currents in the same direction in 
the two wires 
zoo ° Characteristic impedance of one wire to ground 


with equal currents in opposite directions in 
the two wires 


G6 + Electrical length of each wire. 
The properties of the two-port network shown in Fig, 81 (a) may be 


developed by setting V, = V, and [, = = I, in Eq. (8-1). When this is 
done, the elements of the impedance matrix for this network are found to be 


ss 2 
(Zy - 24) 


2 = Bar + 
4 i 2(Zi5~ 2,)) 


ee 4 — = 
a "1 2 (245 ~ 24) Ce 
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: ra 
and the image impedance is 


Zn ¢ Zy 
; yey (Ze Zu) ie Ona) 
yn 44 


Substituting the expressions for the matrix elements from Eq. (8-2) and 


reducing, one obtains finally 


(8-5) 


The salient features of this function are illustrated in Fig. 8-2. 
Note that Z. > Z | 
oe o 


@—radians Aa-2326-Td- 263 


FIG. 8-2 
IMAGE IMPEDANCE OF THE STRUCTURE IN FIG. 81(c) IN ITS PASS BAND 
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The image transfer function for this circuit m 


ay be calculated from 
the relationship cosh (@ + 7,5) = (z), eae Substituting values for 


SP aE 
and z,, from Eqs. (8-3) and (8-2) this expression reduces to ia 


Pair aiads | 
oe oo. r) , 
ee Pierre gs ? = -2beos*@ (ra 
: 1 4 
cosh (a + ji) = re a ee 8 . (8-6) 
: , Rietey 2 ; 
nih 3 fonien ee 
2 costte} | ————__ ] 
ANA td, 
oe oo 


The circuit shown ‘fae ae B-1(by may} 


9° Tin Eee rege ae Following the same 
that this Circuit is 


ee canalyzed by setting ME 8 


2 : 
I procedure as above, we find : 
an all-pass network with 


LP Mee Tie fel (8-7, 
and | 
Loe 7 “oo : | 
2 cos ¢ + | ————_* (1 - cos ¢) | 
ao; : A | 
adel il inane te ane peceaet ea i ON (8-8) 
Zon 2, 
2 - (-———— ] (1 - cos @) 
Zoe * ae 


Graphs of ro 
(25 5 Z,.) 


Fig. 8-3. 


@s a function of @ for the case of zero coupling 


and for a tightly coupled case (7... ° 0.1 “Z,.) are shown in 
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IMAGE TRANSFER FUNCTION FOR CIRCUIT SHOWN IN FIG. 8- 1(b) 
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CHAPTER 9 


EFFECT OF THICKNESS OF CAPACITIVE OBSTACLES * 


A... GENERAL 


Capacitive obstacles are frequently used as matching elements in 
microwave circuits, and as reactive elements in filters and slow-wave 
structures, Figure 9-1 shows examples of commonly used capacitive- 
obstacle configurations in waveguide and coaxial line, while Fig. 9-2 
shows the application of capacitive obstacles to an artificial dielectric 
medium. Still another case where the capacitance between parallel strips 
is important is that of the odd mode in a parallel-coupled strip trans- 


mission line (Fig. 9-3). 


Because of the usefulness of capacitive obstacles, they have been 
given much theoretical attention. The theoretical treatment is particu- 
larly detailed for zero-thickness obstacles (or irises) in waveguide and 
coaxial line.'2 For very thick irises, the obstacle may be treated as 
two isolated step discontinuities separated by lengths of waveguide or 
coaxial line. Theoretical formulas and curves for isolated step dis- 


continuities in waveguide and coaxial line are available, %45 


In most practical cases, capacitive obstacles. are neither thin enough 
to be treated accurately as having zero thickness, nor thick enough for 
the isolated step-discontinuity approximation to be precise. Yet, the 
theoretical information available for obstacles of moderate thickness is 
relatively incomplete. Marcuvitz treats two cases in waveguide. In the 
first case,® less than § percent error is obtained when s/b > 0.5 and 
t/s < 0.5 [see Fig. 9-1(a) for notation]. In the second case,’ less 
than S percent error is obtained when s/b < 0.5, for any t. Aside from 
the disadvantage of this amount of error, the formulas for these two 


cases are very complex, and the graphical data are incomplete. 


Because of the greater simplicity of analyzing obstacles of zero- 
thickness rather than finite thickness, and because many zero-thickness 
configurations have already been treated, it is convenient to take 
account of thickness as a correction to the zero-thickness case. Cor- 
rection terms suited for this purpose are derived in this report. In 
general, thickness adds an increment to the shunt capacitance in the 


Derr 

@ ¥ 
This neterial hes been published, See S. B. Cohn, “Thickness Corrections for Copecitive Obatecles 
end Strip Conductors,” JAE Trans, PGNTT 8, pp» 638-644 (November 1960). 
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ir | eon 
oa | teva t ae 
(a) (bd) (¢) 


Ra +2990-'0-e26 
FIG, 9-1 


EXAMPLES OF CAPACITIVE OBSTACLES OF MODERATE THICKNESS 
IN WAVEGUIDE AND COAXIAL LINE 


~233e- + 9- ea) 
FIG. 9-2 "FIG. 9:3 
METAL-STRIP ARTIFICIAL DIELECTRIC EFFECT OF STRIP THICKNESS 
MEDIUM ON ODD MODE IN PARALLEL- 


COUPLED STRIP 
TRANSMISSION LINE 
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inal, segue ait aera kip thi 


equivalent circuit, and also requires the insertion of a small series 
inductance (or, alternatively, a small change in the reference planes). 
As will be made clear, the same numerical correction to the shunt capaci- 
tance may be made with good accuracy for all the examples of Figs. 9-1, 
9-2, and 9-3, as well as for many other capacitive structures. The 

small inductances or reference-plane shifts may usually be determined 
very easily from considerations of the effect of thickness on magnetic 


stored energy. 


The point of view taken in this report is that the electric field 
distribution in the vicinity of a capacitive obstacle is affected ap- 
preciably by thickness only near the edge or edges of the obstacle. Thus, 
although the structures of Figs. 9-1, 9-2, and 9-3 are different 
far from these edges, the incrementat change in capacitance due to thick- 
ness is, in all cases, very closely the same when the dimensions ¢ and s 
are the same. More specifically, the capacitance change due to thickness 
per unit length of edge is, to a good approximation, a function only of 


the ratio t/s. 


Figure 9-4(a) shows a cross section through the simplified con- 
figuration analyzed in tRjs report, It consists of two semi-infinite 


coplanar plates of thickness t separated by spacing s. Figure 9-4(b) 


(o) (b) 


a - 5320-79-98 


FIG. 9-4 


SEMI-INFINITE-PLATE GEOMETRIES 
ANALYZED EXACTLY iN THIS REPORT 
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shows an equivalent configuration for which the field distribution is the 
Same, and the capacitance is exactly doubled. The total capacitance per 
unit length of edge is infinite in both cases, but nevertheless, the in- 
crease in capacitance when the thickness is increased from zero to a 
value ¢ is a finite quantity. This capacitance increment is evaluated in 
this report, and may be used directly as a thickness correction for 
Structures like those in Figs. 9-1, 9-2, and 9-3, 


B. THE THICKNESS CORRECTION TERM | 


Consider the pair of semi-infinite plates shown in cros 
Fig. 9-4( 4)" Let G'(tisiibe thesintwl le 


per unit depth into the figure. Then, 


S section in 


apacitance between the plates 


AC’ (t/s) = O' (tts) - Cc’ (0) (9-1) 


is the increase in Capacitance per unit length of edge when the plate 
thickness is increased from zero to a finite value ¢, 


Sec. D, the formula for AC'(t/s) is 


As derived in 


2 E(k) - (1/2)b* 2K Ch) 
stdin ttiny [ea oe (9-2) 
‘ 7 vay } 


where the Parameters kh and k’ are evaluate 


d- from the following equations 
functions of t/s: 


Let ane 4 , 
a AY = Bt) , 
eee (9-3) 
© afaa = gal] 
2B (Rk) = —me pep 
ae ( 7 KG) 
hi =u Wt = at 


(9-4) 


The units of AC’ (t/s) are the same as those of the permittivity €, which 
for free space has the value 8.85 (10)-!2 farads per meter, 0.0885 put 
per em, or 0.225 swf per inch. K(k) and 


E(k) are complete elliptic 
integrals of the first and second kins 


Is, respectively, 


Equations (9-2), (9-3), and (9-4) have been com 


puted, and the re- 
sulting curve iS given in Fig. 9-5, 


The procedure used was first to 
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Ro-8990~- TH- 280 


FIG. 9-5 
PLOT OF CAPACITANCE CORRECTION PER UNIT LENGTH 


select values of k, and then to calculate the corresponding values of AC‘ 
and ¢/s. The quantity plotted is [Ac'(t/s) - e€t/s] /e, in which the term 
€t/s is the parallel-plate capacitance per unit length, neglecting fringing. 
By subtracting this parallel-plate term from AC’, the curve is made to 
approach a constant value as t/s is made large enough so that the fringing 
fields on the two sides of the configuration become independent. It is 

seen that this occurs for t/s > 1. The limiting value of AC' for t/s 21 

is of interest. With the aid of limiting values of the elliptic integrals, 
one may show this to be 


ae ial jan titen) - ++ 0.0615. (9-5) 
€ Hoes 8 s 

The curve approaches zero as ¢t/s goes to zero. For t/s < 0.001 the 
correction is very small, so that zero-thickness-obstacle calculations are 
highly accurate.. For t/s > 0.5, the correction is essentially constant, 
so that data for isolated step discontinuities may be applied accurately. 
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The range OL00 1 <ie 7s (cg es 1s, therefore, the region of interest for 
which the thickness correction presented here is needed. Almost all 


practical capacitive-iris structures fall within this range. 


Equations (9-2), (9-3), and (9-4), or Fig. 9-5, are exact only 
for the zero- frequency, semi-infinite-plate causes of Fig. 9-4(a) 
and (b). In order for the correction to apply accurately in other cases, 
aes Ee necessary that Sin Ses PAR BT aCe dt iced 2 er Reo Sp Ais the guide wave- 
length and r is the distance from the center point to the nearest ex- 
traneous ‘surface. [t is helieved that the correction wil] yield good 


results for s/n, as large as %, and s/ras large as ‘4. 


C. EXAMPLE OF THICK CAPACITIVE IRIS IN WAVEGUIDE : : 


The manner in which the thickness correction may be applied to 
practical configurations wil] be illustrated by the example of a thick 
capacitive iris in waveguide, Figure 9-6(a) shows a longitudinal 
E-plane section through a rectangular waveguide containing a zero- 
thickness, perfectly conducting, symmetrical, Capacitive iris. it is? 
assumed that only the TES mode is propagating. In the limiting case of 


b/d . ~ 0, the equivalent normalized susceptance of the iris! is ara: . 
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FIG. 9-6 


CAPACITIVE OBSTACLE IN RECTANGULAR WAVEGUIDE FOR VERY THIN, 
MODERATELY THICK, AND VERY THICK CASES 
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CBG eo atg ie cS (9-6) 


where B is the susceptance of the iris, Y, is the characteristic admit - 
tance of the waveguide, A is the guide wavelength, and 6 and s are 


dimensions defined in Fig. 9-6(a). 


In applying the capacitive thickness correction, it is necessary to 
employ an equivalence theorem between E-plane structures in TE, 9-mode 
rectangular waveguide and in TEM-mode parallel-plane transmission line. 
If the structure has the same boundary in all longitudinal E-plane 
sections in both cases, then the normalized element values of the wave- 
guide equivalent circuit are identical to those of the parallel-plane 
equivalent circuit, if — of the TE,, mode is used in place of A of the 
TEM mode. ® The normalized susceptance increment due to thickness may 
therefore be evaluated in terms of AC’ as follows. Assume a parallel- 
plane TEM-mode transmission line with E-plane dimension 6 and H-plane 
dimension a. The characteristic admittance is Y) = (a/b) Ve /u mhos, 
where € and » are the permittivity and permeability of the filling medium 
in MKS units. The susceptance increment is AB = awAC' = 2n aNC'/d\Wep. 


Hence, the normalized susceptance increment due to thickness is 


By virtue of the equivalence theorem, the corresponding quantity in 


rectangular waveguide is 


AB 270 OG”, 
a PRCT ee (9-7) 
Yo , € 


where AC’ /eé is obtained as a function of t/s from Eqs. (9-2), (9-3), 
and (9-4), or from the graph in Fig. 9-5. 


In addition to the increase in capacitive susceptance, thickness 
also requires a series inductive reactance to be added to the equivalent 
circuit, as shown in Fig. 9-6(b). This reactance represents the magnetic- 
field energy in the gap region of the thick iris. In the parallel-plane 


case, the inductance of this region is simply L «© yits/a, while the 
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characteristic impedance is Zo = V¥u/e (b/a). Therefore, the normalized 


reactance is wh/Zy = 2nmes/b. In waveguide, this becomes, 


wL 21ts 


baal cy Pafealbitulics oie (9-8) 


Equations (9-7) and (9-8) are also valid for the very thick iris case | 

of Fig. 9-6(c), if t/r, << 1. (For t/r, =.0),.2' al /Z, is in error by 

7 percent, and AB/Y, by about 3.5 percent.) For larger t/r the obstacle 
must be treated as a waveguide of length ¢ and characteristic impedance 


Z,' = (s/b)Z, with step-disconting. y susceptances at each end, 


An interesting check on the thickness correction may be obtained in 
the very thick iris case of Fig. 9-6(c). If t/r, << 1 and t/#73°), the 
total shunt Susceptance is obtained by adding Eqs. (9-6) and (9-7), with 
the aid of Eq. (9-5): 


B 46 7s 7e 7 
<j - | een —} + 4 + In— i 9.9 
Y, ne ln ese =) at 1 n 4 ' ( ) 
In the limit s/b ~ 0 this reduces to 
B 46 b at) 
eo ee Dp mee + 1+ <a ‘ 9-10 
Y, x (tn 4s 2s ‘ 


The total susceptance for this case may also be evaluated by adding the 
Parallel-plate capacitance to two times the step-discontinuity capacitance, 
The normalized shunt Susceptance appropriate to the parallel-plate capaci- 
tance is (27t/r) (6/s), while the normalized step-discontinuity suscep- 


tance? in the limit s/b = 0 is (2b/A |) [In (6/48) + 1). The total shunt 
Susceptance is therefore, 
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This agrees exactly with Eq. (9-10), which was obtained by adding the 
thickness correction to the zero-thickness value. It should be remembered 
that this exact agreement assumes s/b << 1. However, more detailed cal- 
culations have indicated close agreement for s/b < 0.25, and fair agree- 


ment for s/b at least as large as 0 6. 


D. DERIVATION 


The derivation of Eqs. (9-2) and (9-3) is based on a conformal- 
mapping analysis by N. Davy? of the double-semi-infinite-plate boundary 
shown in Fig. i ee He obtained the tollowing formula for the capacitance 
per unit length between the two plates over the regions CBCDP and 
~Q'B'C'D'P’ of the boundary: 


Coos >In th sn? (u,, bp] (9-11) 
7 5 
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«FIG. 9-7 
SEMI-INFINITE-PLATE BOUNDARY IN z PLANE 
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where kh => V1 - k'? is a real. positive parameter between 0 and 1 that may 


‘be solved as a function os t/s from the following equation: 


t K(A') - 2E(R') + REK(R') ee 
ah ah ica Mainaschial eat salacdhtabiae (9-12) 
RE: 2TQE Cheah tk (R)) See 


The symbol u is a complex variable that is a function of z= x + jy, and 


sn(u, k) is an elliptic function.*” The transformation relating z and 


uis plese 
2E(k) en(u,k) dn(u,k) 

Lie meareorarl ie = Py) renin 2 

ie fh ital rn hua sn(u,k) t 

29) dak 9 Pe a EL EN 

2 2 


2 BAD “RESO RE) 

(9-13) 
where za, cn, and dn also are elliptic functions. 
At point P between PD and F on the boundary, u is negative real, 


approaching zero as Y; approaches infinity. The following limiting values 
are valid for u- 0, * nt 


sn(u,k) =u (9-14) 
en(u,k) ——e] (9-15) 
dn{u,k) ——] (9-16) 
E(k) ] 
k)—e]]) - — ; . 
zn(u,k) h a] u | (9 1s 


Substituting these in Eq. (9-13) we obtain in the limit u = 9, 


A , 
yas | (9-18) 
2[2E(k) - kh’ *K(A)) (=u, ) 


while Eq. (9-11) reduces to - 


Peper ase ae 
Tar pare Bs : (9-19) 
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ee ee ee ae 


Combining Eqs. (9-18) and (9-19), leads (in the limit y, ~ ©) to the 


following: 


y Ova QECR y= ReAKCR 
iz os ice eo : 4 s03 
s s 1 s vk , 


This may be simplified for t/s > 0, since then k ~ 1, k’ ~ 0, E(k) = 1, 
and k'?K(k) ~ 0. Thus 


g Y2 2 AY, 
C' (. a EE Se Serato : (9-21) 
§ 7 2 aS 


Y2 y 
AC -(t/s). = lis le-(¢ y a - C' (0, wd, . (9-22) 
: yy? = ANS Ss s 


Hence the formula for the capacitance increment is 


2€ E(k) - (1/2)k'?7K(k) 


AC' a a E - 
C (t/s) iy ln 7A (9-23) 
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CHAPTER 10 


TECHNIQUES FOR COMPENSATING STRIP-LINE T- JUNCTIONS 


A strip-line T Junction of the type illustrated in Fig. 10-1(a) whose 
three arms have a characteristic admittance Y, and whose shunt arm has a 
characteristic admittance Y, can be represented at the terminal planes 
T, and T, by the circuit of Fig. 10-1(b). The positions of the reference 
planes are defined by the condition that if a short circuit is placed at 
one of them there will be no transmission of energy between the arms 


containing the other two planes. 


@ 


&-2326-QM1-22 


FIG. 10-1 
EQUIVALENT CIRCUIT OF AN UNCOMPENSATED STRIP-LINE T-JUNCTION 


Measurements made on chese junctions during the course of a previous 
study contract! showed that BAY Sk: 7 at all frequencies.* Furthermore, 
it was found possible to reduce the value of B to a negligibly small value 
by either adding a small tab or making a small indentation (depending on 
the value of Y/Y.) on the side of the through arm opposite from the shunt 
arm. The turns ratio, VA, of the transformer in the shunt arm was found 
to have a value near unity at low frequencies but to decrease to values 


much less than unity at higher frequencies. 


An investigation has been made during the present contract 
of ways of reducing the frequency variation of VA. In Fig. 10-2 are il- 
lustrated four junction configurations whose performance has been measured. 
The indentation in the shunt arm of the T junction of Fig. 10-2(a), and 
the hole in the shunt arm of the T-junction in Fig. 10-2(b), have the 


effect of adding a series inductance between the through arm and the 


—— SRE 
e 


Also see Chopter 1], 
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shunt arm. It was found that these modifications increased the frequency 


sensitivity of the turns ratio over that of unmodified junctions. 


The button added to the shunt arm of the T-junction in Fig. 10-2(c) 
increases the effective shunt capacity at the junction of the shunt and 
through arms. It was found that the frequency sensitivity of the turns 
ratio in this junction was slightly less than that of an uncompensated 
junction but that the junction susceptance, B, was increased by a factor 


of 12 to 1 over that of an uncompensated T-junction, 


X 


a TRANSFORMER : 


(0) (bo) (c) (d) 


A-2328-OR1-28 
FIG. 10-2 
COMPENSATED STRIP-LINE T-JUNCTIONS 


Theoretically the quarter wavelength transformer placed in series 
with the shunt arm in Fig. 10-2(d) increases the frequency at which the 
transformer turns ratio deviates appreciably from unity. However it 
also introduces a junction susceptance that is positive at low frequencies 
and negative at high frequencies, | An 
approximate equivalent circuit of this 


Junction is shown in Fie. 10-3. 


The admittance Y,, seen looking 
into Port 1 when an open circuit is 


placed at Port 2 is Biven by 


(Y, + JY, tan 6) 
= ————___—_—_—- + ;B. 
4, Whe * JY, tan 6) y A-2326-0R1-24 
FIG. 10-3 


> .. EQUIVALENT CIRCUIT OF A STRIP-LINE 
At the match frequency when @ = 90° it T-JUNCTION COMPENSATED WITH A 
is desired that G;. = Y,. lIlence, it is A/4 TRANSFORMER 


necessary that Y,* VA Y,. Making 


these substitutions one finds that 
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10-1 


i i i I 


i enceiiaa aa 


— som os taper we 


= 


Alcot? @ + 1)Y, 


ee + J 


(cot? 6 + A) 


VA cot @ (1 - A) 


cot? 6+A 


The real coefficient of Y, 


is the square of the equivalent transformer turns ratio, 


in the above expression A(cot 


+ jB 


26+ 1)/cot? 0+ A= A’ 


In order to test the effectiveness of this type of compensation, 4 


T-junction having Y, weY,, 30. 02 mho 


arm a quarter-wavelength transformer. 
10-4. 


B for the uncompensated junction is shown in Fig. 


was designed to be unity when 6/A = 0.125. 


was modified by placing in the shunt 


The value of A and shunt susceptance - 


The turns ratio A! 


The desired characteristic ad- 


mittunce Y, 


transformer was assumed to be the distan 


The dimensi 


the end of the transformer. 
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FIG. 10-4 
MEASURED PERFORMANCE OF AN UNCOMPENSATED STRIP-LINE T-JUNCTION 
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was computed to be 0.02235 mho. 


the effective length of the 
ce from the reference plane T, to 


listed in Table 10-1. 


ons of the junction are 


ene 
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TABLE 10-1 : 
- DIMENSIONS OF COMPENSATED STRIP-LINE T-JUNCTION 


(Inches) 
Strip thichness ogy 3s oy as re eee ae, PE ae a a 0.020 
Plate spacing b RCS roe BAY oe omy Bethe OM an eee ae Sha AE ear Gy) A 0.500 
Width W of strip having Y, = 0.02 mo... ......... iy Rae 0.6625 
Nidth's'Yof-atrip having P.Verehesia oie elitr Mer ous lca hig Oo) 0.775 
Length of transformer measured from reference plane T, Sy ETL ORL ar RT ae 1.000 


Both the measured and theoretical values of A’ are plotted in Fig, 10-5 
and it is seen that they differ by only about 0.05 for all but the highest 
values of 6/A, By comparing the measured value of A’ of the compensated 
junction with the A of the uncompensated junction it can be seen that the 
quarter wavelength transformer almost doubles the frequency range over which 


the square of the’ transformer turns ratio deviates from unity by less than 
5 percent. 


The measured values of Byy. for the compensated junction are shown 
at the bottom of Fig. 10-5, compared with the theoretical values. Although 
the shapes of the two curves are quite similar, they differ considerably 
in magnitude. It can also be seen that the total excursion of B'/Y, for 
the compensated junction is approximately three times as great as that of 


B/Y, for the uncompensated junction, 


It is believed that in most applications the high values of junetion 
Susceptance for the T-junctions of Fig. 10-2(¢) and 10-2(d) make them less 
desirable as circuit elements than a T Junction of the type similar to 
that shown in Fig 10-104) in which RY, has been reduced to a very low 
value by means of a compensating tab as described above, ! Chapter 1) 
describes measurements made on T- junctions of the type shown in Fig. 10-1 


for various values of Yr, and Y,. 
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NORMALIZED DISCONTINUITY SUSCEPTANCE - B/Y, 


“TRANSFORMATION RATIO-A’ 
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MEASURED PERFORMANCE OF A STRIP-LINE T-JUNCTION COMPENSATED 
WITH AA/4 TRANSFORMER 
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CHAPTER 11 


MEASURED EQUIVALENT CIRCUITS OF COMPENSATED 
AND UNCOMPENSATED STRIP-LINE T- JUNCTIONS | 


A. GENERAL 


‘This chapter of the report described the measured equivalent circuits 
of sixteen different types of strip-line T-junctions. A symmetrical 
T-junction of the type considered here is illustrated in Fig. l]-1](a) 
and is seen to consist of a series arm with a characteristic impedance 
Z,,, and a shunt arm with a characteristic impedance 263 At the terminal 
, and P,, 
by the equivalent circuit of Fig. J}-1(1) proposed by J. Lamb! for a sym- 


planes, P the T-junction shown in Fig J]}-1(a) can be represented 
metrical transmission-line T-junction. Here the position of each of the 
reference planes P, and P, is defined as the transverse plane at which a 
short circuit would prevent power flow between the other two arms. To 
determine the positions of ee and P, experimentally, the calibrated. short- 
circuiting elements should be placed nA/2 away from P, and P,, where the 
integer n is large enough that the short-circuiting elements will not 


affect the discontinuity fields of the junction. 


As can bg seen, the equivalent circuit of Fig. ILl-1I(b) differs from 


that of a simple shunt connection of three transmission lines because of 


&-23928-@7a-3-60 


FIG. 11-1 
EQUIVALENT CIRCUIT OF AN UNCOMPENSATED STRIP-LINE T-JUNCTION 
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the presence of the transformer with turns ratio A and of the normalized 
discontinuity susceptance 6 4/Y),. In order to fully compensate the 
T-junction it would be necessary to make A equal to unity and B altos equal 


to zero over the usable frequency range of the strip line, 


In Chapter JO, the results of measurements made on this type of T- 
Junction were Vescrifieds and Lt wak shoal that one ean compensate either 
the transformer turns fatio, A eS Ou inate: ite ras unity, or the normalized 
discontinuity suseéptance, eA Genre. 1 aa ening ere zero, but that ait is 
virtually impossible to compensate both simultaneously, The value of A 
was made to be nearly unaty by adding a one-quarter wavelength trans- 


former in series with the shunt arm having a characteristic impedance 


e ee . “ep -”? ‘ 
202 as shown in Fig. Dl-2¢4). 


y 
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FIG. 11-2 
COMPENSATED STRIP-LINE T-JUNCTIONS 


Although it was possible to improve the transformer turns ratio by this 
method, the junction susceptance was increased, which made the junction | 
more frequency-sensitive than before it was compensated. On the other 


hand, in the previous study contract,? measurements made on these junes 


tions showed that it was possible to reduce the value of B, toa negligibly 


small value by either adding a small tab or making a small indentation (des 
pending on the value of 24/292) on the side of the through arm opposite- 
from the shunt arm, as shown in Fig. IL-3(b) and (e),. In this ease it 

was found that when By was compensated the transformer turns ratio A de-« 


creased to values slightly less than that of the uncompensated junction, 


It is believed that in most applications the high values of junction 
Susceptance for the T-junctions of Fig. 11-2(4) make them less desirable 


as circuit elements than a T-junction of the type similar to that shown 
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in Fig. 11-2(b) in which By/Yy, has been reduced to a very low value by 


means of a compensating stub or notch. 


Described in this chapter are some measurements made on uncompen- 
sated T-junctions of the type shown in Fig. I]-1(a) for various values 
of Z andra PA simple method is described for computing the size 
of compensating stub necessary to reduce the junction susceptance to a 


negligible value for those junctions in which B, is negative. 


B.. EQUIVALENT CIRCUIT DATA 


The equivalent-circuit parameters’ of sixteen uncompensated T-junctions 
were measured for values of Z), of 35, 50, 70, and 100 ohms, and values 
of Z42 of 35, 50, 70, and 100 ohms. The dimensions of the junctions are 
listed in Table ll-1. 


; TABLE 11-1 
In Fig. 11-3 a plot of the normal- 
: rae DIMENSIONS OF UNCOMPENSATED 
ized reference-plane positions d,/6 and STRIP-LINE T-JUNCTION 
d,/b are shown versus the stub impedance (inches) 
Zo2: For each of the sixteen T- 
Bh cater ef ; Strip thickness ¢ 
junctions, d, and d, were measured over Placy spacing § 
the frequency band of 2 to § kMc,: corre- Width #, and wv. for. 
sponding to a range of b/d of 0.085 to impedance of 29, and 
252 having the 

0.212. It was found that both d, and Foliverna valine: 
d, were almost independent of frequency 35 ohms 
for all sixteen T-junctions. The 
reference-plane positions shown in 100 


Fig. Ll-3 are the values which were 
measured at 3 kMc or 6/A = 0.127; therefore these data may be used at any 
frequency up to at least § kMc, or 6/A += 0 212 A similar T-junction 

measurement reported in the previous study contract? has also shown that 


the reference-plane positions were fairly independent of frequency. 


The transformer turns ratio, A, of each of the sixteen T-junctions 
is plotted versus 6/A in Fig IL1-4. Because of the numerous data accumu- 
lated, the data are shown divided into four families of curves each having 


a different value of Zoy: 


As can be seen from these curves, measurements were made over the 
frequency range of 2 to 5 kMc or 6/A ranging from 0.085 to 0.212 for all 
T-junctions except those containing lines with Z,, or Z), of 35 ohms. 
The data for these latter T-junctions are plotted from 2 to 4 kMc or 6/A 
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REFERENCE-PLANE LOCATIONS VERSUS Z,, 


sanging from 0.085 to 0 169. Data are not recorded for higher frequencies 
because the curves had perturbations: in them that, it is believed, were 
due to the first higher mode of the 35-uhm lines whose cut-off frequency 
is 4610 Mc. 2 


In Fig. L1-5 values of the normalized Junction susceptance B4/Y5, 
of the sixteen T-junctions are shown plotted versus 6/A. These data are 
also shown divided into the same four families of curves. Inspection of 
these data show that when the characteristic impedance Zy, of the shunt 
arm is equal to or greater than the characteristic impedance Z61 of the 
series arm, the values of the normalized junction susceptance B,/Y,, are 
negative. When Ca is less than Z,,. the normalized junction susceptance 
is positive. Inspection of the data shows that in any uncompensated 
T-junction there is a value of Zo, Slightly less than Z,, where B,/Y 
is zero. 


01 


Although the data presented in Figs. 11-3 to LI-5 are for strip-line 
T-junctions with air-filled cross section and with the ratio of t/b = 0.040, 


these data may be applied to other cross sections. For instance, it ig 
expected that these data should hold for any strip-thickness ratio, t/b, 
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NUITY SUSCEPTANCE OF 16 UNCOMPENSATED 


STRIP-LINE T-JUNCTIONS 
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Up to at least 0.125° if the same characteristic impedances are maintained. 
In the case of a dielectric-filled cross section (€, > 1), the character- 
istic impedances ie and Lae of Figs. 11-3 to 11-5 should be divided by 
the square root of the dielectric constant (that is, the strip width ratio 
w/b should be maintained the same). For cross sections where the strips 
are printed on thin dielectric sheets with large air spacings, no data have 
been,taken, but probably good results may be obtained using the data shown 


in Figs. 11-3 to L1-5 by maintaining the same characteristic impedances. 


C COMPENSATION OF b, 


-In the previous study contract,? it was shown that the junction sus- 
ceptance B, of the T-junction could be reduced to a negligible value by 
adding a short stub or introducing a small notch opposite the shunt arm. 
When the sign of By was positive a small notch was introduced, and when 
the sign of Bi, was negative a short stub was added. The width of the notch 
or stub chosen was identical to the shunt strip width, w,, and the correct 
length of the notch or stub was determined experimentally for each T- 
junction. These data have shown that for a T-junction modified with a 
stub, the value of B, remained compensated over a very wide frequency range, 
while a modified T-junction with a notch showed that the value of By, was 


compensated over a limited frequency band. 


In this chapter a simple technique is described for computing the 
length of stub necessary to compensate a negative junction susceptance. 
The validity of the techniques was verified by measurements made on two 
different junctions, No attempt was made to compensate for the T- junctions 
having positive By, since it has been previously shown that this type 
of compensation is narrow-band, One of the experimental T-junctions has 
Z a2 = 35 ohms, the other has Z ‘A 


01 “02 | 02 
pensated by adding a stub of 100 ohms characteristic impedance Opposite 


100 ohms. Each was com- 


the shunt arm, A high-impedance compensating stub was chosen since it 
behaves more like a lumped compensating susceptance than would a low- 


impedance stub, 


The length of the compensating stub is chosen so that its positive 
susceptance will be equal and opposite to the negative susceptance B, of 


the junction near the middle of the frequency band. The susceptance of 


ce NS 


e 
In the previous contract, @ equivalent circuit measurements made on similer T+junctions with ¢/b = 0.0460 
and ¢/b = 0,125 showed very close agreements 
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the stub is assumed to be that of an open-circuited line having a length, 


l, equal to the stub length. The formula for computing l is 


d 
es — tan=? —— inch (11-1) 
2n 0.01 


Here \ is the free space wavelength given in inches, B, is the value of 
Susceptance given in Fig. l]-5, and 0.01 is the value of the admittance 


of a compensating stub having an impedance of 100 ohms. 


The lengths of the compensating stubs of these two T-junctions possessing 
2512 252 * 35 ohms and Zo, 25, * 100 ohms were determined at a frequency 
of 3 kMc or 6/A «-0,127. From Fig. Li-5 one finds that in the junction 
having Z,, = Zo2 * 35 ohms, by has a value-of 0.0022 mho and that -in the 
junction having Z,, « zo2 + 100 ohms, By has a value of 0.00085 mho. The 
length | of the stub: was calculated to be 0.136 and 0.054 inch for the 
T-junctions with Zo. 252 * 35 ohms and 20, 7 2 = 100 ohms, respectively. 


The measured results for these compensated T-junctions are shown in 
Fig. 11-6 and }}-7 together with the curves of the uncompensated junctions. 
It is seen that in both T-junctions the junction susceptance has been re- 
duced to a negligible value over the measured frequency range. Fig- 
ures 11-6 and })-7 also show that by compensating the T-)yunction for by, 
the transformer turns ratio A ots decreased by about 0.05 over the measured 
frequency range. Measurements of the reference-plane positions for the 
compensated T-junctions have shown that these values agreed very closely 


with the uncompensated T-junction curves shown in Fig. 11-3, 
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FIG. 11-6 


MEASURED EQUIVALENT CIRCUIT OF A COMPENSATED STRIP-LINE 
T-JUNCTION WITH Z), = Zo. = 35 chms 
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MEASURED EQUIVALENT CIRCUIT OF A COMPENSATED STRIP-LINE 


T-JUNCTION WITH Zo, = Zoo = 100 ohms 
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‘CHAPTER 12 
WIDE-STOP-BAND WAVEGUIDE FILTERS 


A. GENERAL 


During a previous SRI study procram the experimental and theoretical 
pericrrance of corrugated wavecuide filters with longitudinal slots were 
described,’ Tt was shown that these filters have wide, well-matched pass 
bands with low insertion loss and wide hirh-attenuation stop bands free 
of spurious responses. In addition, these filters are relatively easy to 
machine and assemble. The design procedure described was useful for stop- 


band bandwidths up to about 2.1. 


Recently SUD has developed two filters of this type for the Hewlett 
Packard Co. that have well-matched, low-loss, pass-band bandwidths of 
ahout 1.55:i and stop-band bandwidths of abowt 32:1. One of these filters 
is designed to be placed in series with the output of their Signal Genera- 
tor 626\, which has a frequency range of 19,000 to 15,500 “ce. The other 
is designed to be placed in series with the output of their Signal Genera- 
tor 6284, which has a frequency range of 15,000 to 21,000 Me. The purpose 
Of these falters i's ts suppress the second ard third harmonic frequencies 


of these penerators. 


It is believed that the procedure used in designing these extraordi- 
narily wide-stop band filters is of sufficient interest that it should be 
published. Therefore, with the permission of the Hewlett Packard Co., 
and with the consent of the Sicnal Corps Technical Officer, the design 


and measured performance of these filters are described in this chapter. 


Lb. FILTER SPECIFICATIONS 


Table 12-1 presents a list of the specifications for the two filters 


described in Section A. 
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TABLE 12-1 
SPECIFICATIONS FOR THE TWO WAVEGUIDE FILTERS 


ITEM SPECIFIED 


Pass band (kMc) 
Stop band (kMc) 
VSWR in pess band 


Insertion loss in pass band (db) <0.5 <0 5 
Insertion loss in stop band (db) 40 : : 40 


Inner dimensions of terminating 


waveguide (in inches) 0.750 by 0 375 0.510 by 0 255 


Gx PRACTICAL CONSIDERATIONS 
1. ScaLinc 


The two filters are sufficiently alike so that, with the use of the 
usual scaling procedure, one design can be obtained from the other In 
actual practice an enlarged scale model of Filter I was designed and con- 
structed, since this filter has the broader pass-band and stop-band band- 
widths. This scale mode]. was adjusted for optimum performance, and 
Filters I and IT were then designed from measurements taken on the scale 


model. 


2. PHYSTCAL STRUCTURE 


Photographs of the final model of Filter IT are shown in Fig. 12-1, 
The filter’ was piven the form illustrated in order to make its construction 
as simple as possible so that it can be economically mass produced, The 
filter CONSISTS Of two pairs of identical parts, which Can he relatively. 
easily machined, and which can be assembled without brazing or soldering, 
Stepped transformers, rather than tapered sections, were used to match be- 
tween the filter and the terminating waveguides to simplify machining. 
Furthermore, the longitudinal slots in the corrugated filter extend into 
the stepped transformers so that the filter and stepped transformers can 
be machined from a single piece of material. The gap between the top and 
bottom sections of the filter was made as large as possibie, since the 
tolerance that must be held on this dimension increases with increasing 
Bap height. Nevertheless, the sizes of the filter dimensions were definitely 
limited by the need to attenuate the higher-order modes as well as the 


dominant mode in the stop band, 
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FIG. 12-1 
PHOTOGRAPHS OF FILTER HAVING 15-21 kMc PASS BAND AND 30-63 kc STOP BAND 
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3. Crorce oF NuMBER OF LONGITUDINAL SLtoTsS 


The waveguide modes which this filter attenuates can be analyzed as 
a composite of plane waves traveling in the waveguide at an angle which 
depends on the order of the mode, To a tirst approximation, the doubly 
periodic filter structure attenuates these component plane waves on the 
basis of frequency only and independent 
of the direction in which they are propa- 
gated— provided that the center-to-center 
spacing of the bosses 18 a small fraction 
of a wavelength It 1s necessary, there- 
fore. that the filter structure be made 
sufficiently fine that it can attenuate 
the highest frequency in the stop band. 
This requirement places an upper limit 
on the length, a/n of a filter section 
[shown in profile in Fig. 12-2(a) and” 


in cross section in Fig. 12-2(b)].. Were 


ais the width of the waveguide and a 
as an integer.’ In this case na = § is’ 
chosen, and this choice fixes the length. 
+ 


RNAS Gaerne (l I’) and, to a large extent, limits 


the dimensions 6 and 6’, 


t 

3 
wir lefaj pee 4. Limitations on Wiptw oF StLots 
ot eee, } 


In previous designs, deep narrow 
SECTION A-A ; 


A 2320-Taz-39 slots were used, ! However, in order to 


hie achieve the stop-band bandwidth described 

FIG. 12-2 . here, it as necessary to increase the 
A SINGLE FILTER SECTION OF THE width, of the slots and deérease their 
CORRUGATED WAVEGUIDE FILTER depth, (6 = b')/2, and alsa to decreasans 
the gap, 6b’ There are, however, -limita- 


tions on this process. First, the dimension 6’ should not be made too 
small, because of manufacturing tolerances mentioned earlier. Second, 

the slot depth, (6 - 6')/2, should not. be too small nor should the slot 
width, l, be too wide, because a compensating reduction of the dimension 
b' is required. Under these conditions, the presence of the longitudinal 
slots aggravates the problem because the length of a full filter section 
is fixed by the value chosen for n(n - 5). The area of the bosses is thus 


seen to shrink rapidly as the slot width is increased. 
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D. ELECTRICAL DESIGN 


The cut off frequencies, the points of infinite attenuation, and the 
optimum filter terminating impedance can all be determined from the image 
parameters of a filter section, when there are no longitudinal slots. The 
addition of longitudinal slots changes the filter parameters, so that 
after a preliminary design is worked out, compensating changes must be 


made in the filter dimensions. 


a ee 
FIG. 12-3 | 


EXACT EQUIVALENT NETWORK OF A CORRUGATED WAVEGUIDE 
FILTER SECTION FOR THE DOMINANT MODE 


It is to be noted that the equivalent circuit using the T-junction 
parameters as described in a previous report! is not easily applied in 
the design of a filter with slots which are wide compared to the gap b', 
because. the published data that vive these parameters do not cover the 
cases of wide shallow slots.? On the other hand, accurate calculations 
of the essential parameters of a corrugated waveguide filter having wide. 
slots have been made with the circuit of Fig. 12-3 as a basis. These 
have been published, complete with nomograms and supplementary graphs, in 


a ‘'Theoretical and Fxperimental Study of a Waveguide Filter Structure,” 


by: Sz; Be Cohn. 3 It 1s these supplementary graphs that are most useful 


in the initial design work for finding the dimensions of a filter section, 


1. . THEORY 


From the equivalent circuit of the filter half-section, Fig. 12-4, 


one may easily derive the normalized filter image admittance 
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(12-1) 


(12-2). 


where 8 = b'/b, 6’ = Sl’ is the electrical length of the low impedance 
portion of the filter, and 6) and 6). are the normalized open- and short- 
circuit susceptances of the high-impedance portion including the step 


discontinuity, as indicated in Fig. 12-4. The normalizing admittance is 


FIG. 12-4 
EQUIVALENT NETWORK OF THE HALF-SECTION 


An ‘. 
>, § 


that of a parallel-plane waveguide of height b. Graphs of b.. and b.. 
for several values of 1/6 and 5 are given in Ref. 3. The analysis here _ 
is based on parallel-plane propagation, since it is from this viewpoint 
that the operation of the filter is best understood, and since this type 
_ of propagation is directly applicable to the design. Consequently one 
uses the free-space wavelength A instead of AY: | 


178 


ues $ 7. 
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A-8320-THI- 28 


. FIG. 12-5. ; 
GRAPH OF QUANTITIES WHICH DETERMINE CRITICAL FREQUENCIES 


Equations (12-1) and (12-2) are made more significant if one ex- 
amines Fig. 12-5, which shows the quantities of these equations sketched 
versus relative frequency. It is seen that the lowest frequency at which 
y, 18 zero is f,, the cut-off frequency between the pass band and the stop 
band, and that f, 1s determined from 

@g’ 
tan — 
2 


NV Obs Rrra cle ve (12-3) 


The next significant frequency is a point of infinite attenuation, f,, 


that occurs where 


Be Such oy. ae: (12-4) 


There one finds that 8 increases by 180 degrees abruptly. Finally, the 
cut-off frequency above the stop band, f,, is determined by 
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bo (12-5) 


It is now possible, using a given ratio, 1/b, and the corresponding 
graphs of b |. and 6.5, and using a given cut-off frequency, fy» to choose 
various values of f, and then calculate f, for each f, chosen. If desired, 
several designs can thus be obtained and the one with the most useful stop- 

‘band widthiand physical dinenetomicre te chosen, as was done in this case. 
The process is best illustrated with the following numerical example by 


which Filter I was designed. 


&-B326-TAR-48 


FIG. 12-6 


GRAPH SHOWING RELATION OF FREQUENCY OF INFINITE 
ATTENUATION TO SLOT PROPORTIONS FOR FILTER 
WITH NO LONGITUDINAL SLOTS 


2. Desicn PRocEDURE FOR MIDDLE SECTIONS 


A quasi-universal curve for fe» 18 shown in Fig. 12-6, and curves of 
By and bf ws vs. b/d, the frequency variable, for l/b = 1/n and & = 0.1 
are given in Fig. 12-7. First, i, = 17.5 kMc and f. = 45 kMc are chosen, 
From Fig. 12-6 one obtains b/ Xe %,'0..698 Yor l/bi= /nu ithe valaes often 
and I are then calculated. | These are found to be 6b = 0.183 inch and - 
l= 0.0583 inch. For five longitudinal slots in a waveguide 0.750 inch 
wide, a full filter section is 0.750/5 = 0.150 inch long. Thus, 
L + 1’ = 0.150 inch and Ll’ = 0.0917 inch. From this value of I’ we find 


the cut-off electrical length of the low-impedance portion of the half 
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section, 9;/2 = 24.5 degrees. The value of 5 may now be obtained by 
solving Eq. (12-3) graphically. Thus, at cut-off frequency f,, 


b ‘ tan 24.5° 0.456 


(12-6) 
ac § $ 


Additional curves similar Porches solid curve of Fig. 12-7 may be 


calculated for values of 5 near 5 * 0.1 from the approximate formula 


MRS 
2b 3 
bios bl - — In — (12-7) 
cuca 3 


where the unprimed values are those already known, It is not necessary 
to. compute many curves of 6’ , however. Instead, a judicious choice of 
8S’ permits Eq. (12-3) to be solved by an iterative process at a single 


frequency—in this case J,- Ilere 8" was initially chosen as b= 205132 


New-values of b'_ at cut-off frequency f, are now computed from 
ac I 
Eqs. (12-6) and (12-7), and the average of the two values is used to 
compute a second trial value of &' by means of Eq. (12-6). In this case 
the process converged in three steps to 5’ = 0.176, from which we find 
b' = 0.0322 inch. The value of ee at the end of the stop band, f,, is 


now calculated from Eq. (12-5) 


Psi a | 
b = = 12.5. 
a 0.176 x 0.456 
To obtain f,, the curve of b'. for 5" = 0.176 is plotted as shown in 


Fig. 12-7. First, the curve for 6,. is extrapolated, and a few points 
calculated for 6/. from Eq. (12-7). From this new curve we find 
b/A, = 0.87 at Oe Feotg SG, “and fools easily calculated from 

deel ee iri 

— a a 2 
rx: Pros 2 _kMe 
which is well above 47 kMc, the end eee stop band. The filter dimen- 
‘sions, before introducing longitudinal slots, are 6’ = 0.0322 inch, 
lL = 0.0917 inch, l = 0.0583 inch, and 6 = 0.1830 inch. In this initial 
design the cut-off frequencies (f, = 17.5 kMc and f, = 55 kMc) provide 
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FIG. 12-7 


GRAPH OF SUSCEPTANCES b.. AND bj. OF EQUIVALENT NETWORK 
OF FILTER | WITH NO LONGITUDINAL SLOTS 


sufficient margin that seven filter sections Bive a calculated minimum in- 
sertion loss of 52 db at 20 kMc, and still greater insertion loss at 


47 kMc, with resistive terminations. 


In order to compensate for the effect of the longitudinal slots, the 
gap 6’ was reduced 35 percent from the above. This amount was estimated 
to be slightly more than sufficient, so that the gap of an experimental 
scale model of this filter described in Part E of this chapter could be 


easily adjusted by a milling operation, if needed. 


3. DESIGN oF TRANSFORMING Eno Secrions 


Impedance-transforming ond Sections (to keep the input VSWR low) were 
so designed for the filter that the slot width 1, the dimension b, and 
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the capacitive gap 6’ are the same in the end sections as in the filter 


proper, thereby simplifying the filter construction 


The design of such filter end sections is described in the book Very 
High Frequency Techniques.’ It is recommended there that the zero- frequency 
image admittance of the end sections be made equal to that of the middle. 
sectiuns of the filter, y,(G), and that the image phase constant of the 
end sections be 90 degrees at approximately 0.9 f,- The image admittance 
of the middle sections is thus transformed to an almost constant value 
throughout the major portion of the total pass band and the filter is well- 


matched when terminated in a conductance equal to y ,(0). 


Here, however, we have but one filter dimension to adjust in designing 
the end section and it is not possible to follow the above method exactly. 
Fortunately, a good match is required only in the specified pass band, 
10-15.5 kMc, which is the upper portion of the total pass band. "Figure 12-8 
is a sketch of the variation with frequency of the image admittance, y,, of 
the middle sections and yj) of the end sections of the filter, normalized to 


the admittance, Y,. of a parallel plate waveguide of height 6 = 0.183 inch. 
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FIG. 12-8 


SKETCH OF NORMALIZED IMAGE ADMITTANCE VS. FREQUENCY OF 
MIDDLE AND END SECTIONS FOR FILTER | 
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Critical points are marked as well as the estimated optimum filter termi- 
nating admittance Y= 2.10. ‘The height of the terminating waveguide, ty 
is determined from the mean admittance level, b, = b/Y¥t * .0:183/9.20 

= 0.0872 inch. -The effect of the longitudinal slots makes it necessary 

to decrease 6, from the value calculated here, as explained in a following 
section. Although the filter and input waveguide have low-frequency cut- 
offs which are not identical, the above approach to the impedance matching 


problem has given good results. 


4. DEsitGcn oF Steppep TRANS FORNERS 


Finally, quarter-wavelength optimum stepped transformersS were de- 
Signed to match the filter terminating impedance to’ the rectangular wave- 
guide. This is tllustrated in Fag. 12:9 ‘fdr Filever Ti, which is similar 


to Filter I in all respects except size and frequency band. 


If each stepped transformer section has the same low- frequency cut- 
off, the transformation ratio 2:,/2,¢, would be 4.30 for the initial 
design described above. However, since the first few transformer sections 
next to the filter are to be slotted, it can be seen that the decrease in- 


the cut-off frequency of those steps tends to increase AG 4 After 


out’ 
taking this factor into account, as described below, Z,,/2,,, Was increased 
to 4.78 (The value of 4.78 was not, however, used for the final filter 
design; this is explained in Sec. E, which describes adjustments of the de- 
sign that evolved during testing.) ‘The pass-band ratio for the transformer, 
on a guide-wavelength basis, was chosen as Pp * 2.50 in Cohn's notation; 5 
this allowed ample margin over the value of 2.17 for the specified pass 
band of the filter. Thus, the frequency limits are 9.7-16.0 kMc, and the 
center frequency is fo) SMA SO6 AMCU? - Maxi mun theoretical pass-band VSWR is 
1.023 and five Ae/4 steps are used, 


5. EFFECT oF LONGITUDINAL SLOTS IN THE TRANSFORMERS 
AND TERMINATING WAVEGUIDE 


It was assumed that the impedance ae of the longitudinally slotted 


guide is 


o6 


Sept 20 dA? (12-8) 
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eee Zy (©) is the impedance of the slotted ives at infinite frequency 
and A, is the cut-off wavelength of the slotted waveguide Both Z,() and 
(A,r, ) are functions of the height of the steps, he, which is taken as the 


P iependent variable for the purpose of plotting curves of those quantities, 


First Z,(©) is calculated Tot several values, of. & £107 by considering 
TEM propagation in the longitudinal direction. Since the line is uniform 


in the direction of propagation, 


+ 


Za) os Cane? 


where C, is the capacitance in farads per meter of the waveguide of width 
a meters, and v is the velocity of light in meters per second. The capac- 


itance C, can be expressed as 
Cree Coes 0 ; (12-10) 


Here See is the total parallel- ate capacitance of the longitudinal slots 
and Eaces in the waveguide of width a and C, is the total discontinuity 
capacitance of the 2n step discontinuities, aye can be obtained from 


published Bere 


The cut-off ely vanes > of a rectangular waveguide with longi- 
tudinal slots is then eel eulaved from the condition for tranverse resonance 
for the values of h used above. For this calculation it is necessary to 
consider the change in the inductance as well as the change in the capac- 
itance, since the transmission line is 'not uniform in this case. A low- 
frequency approach is entirely adequate, hence the capacitance per meter 


is C,/a, where C, is given above, and the inductance per meter is 


(16 + t"%b") 
fig ey pee : (12-11) 


where fy is the permeability of free space in henries per meter and Pat; 


b, and b’ are given in meters. Ilere unit width 1s understood. A new 


phase velocity in the transverse direction is then calculated 
hae ea NAR ROR Tar sien (12-12) 
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A graph of Z vs. h is then made, using Eq. (12-8), and from this 
graph the step height, h., is obtained for each Z_ of the stepped trans- 
former, and also for the optimum filter terminating impedance, all as 
previously calculated Also, new values of length, Agu 4 are calculated 
at the middle of the pass band for each slotted step from the new values 


of ee obtained above. 
E. EXPERIMENTAL MODEL OF FILTER 


1. DESCRIPTION 


Because of a back of signal sources giving full frequency coverage 
above 21 kMc, it was decided, as mentioned earlier, to build an enlarged 
scale model of Filter IT in 1.872-inch-wide waveguide for operation at 
lower frequencies, and to test this experimental filter throughout its 
entire operating range The experimental-filter frequency range is given 
in Table 12-92, After the experimental filter was adjusted as required, 
the specified filters were made by scaling the measured dimensions of the 
experimental filter. In order to permit the use of standard test equip- 
ment, two smooth waveguide tapers were constructed to. match 1.872- by 
0.872-inch standard waveguide to the 1 872- by 0.936-inch filter input 
waveguide. The experimental filter was made in three separate pieces— 


two stepped transformers and the filter proper. 


TABLE 12-2 
EXPERIMENTAL FILTER. FREQUENCY RANGE 


STOP BAND 
8.0 18.9 kM 


eee 
INPUT AND OUTPUT WAVEGUIDES 


1.872 X 0.936 inch I.D. 


PASS BAND 


4.0 - 6.2 kM. 


2. ADJUSTMENT oF GAP FOR OPTIMUM PERFORMANCE IN Pass BaND 


Initial tests on the scale model showed the cut-off frequency, fis 
to be too close to the upper edge of the pass band. This is shown on 
Curve A of VSWR us. frequency of Fig. 12-10(a), and Gurve A of insertion- 


loss vs. frequency of Fig. 12-]0(b). The important filter dimensions and 
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the nilcer performance for the initial test on the scale model are shown 
on Line JAvof Table. 12-3... One’ can’ also see’ that the upper stop-band cut- 
off Frequency, ies is too low. It was decided to try first to obtain good 
performance in and around the pass band, and then extend the stop band. 

On this basis, the gap b’ was judged to have been overcompensated. Con- 
sequently, the dimension 6’ was increase], yielding the results on Line B 
Sapabd e12-3 and Conves. DB of) Fig, 12-}0. ) [tas seen that the pass-band 
VSWR is less than 1.4, and f, ts well removed from the upper edge of the 


pass band. 


Thus the design theory —which applies rigorously only to structures 
with transverse slots—has been shown experimentally to yield a good first 
approximation that can be easily improved by a minor adjustment of the gap 


dimension. 


TABLE 12-3 
STEPS IN THE DEVELOPMENT OF THE EXPERIMENTAL FILTER OF TABLE 12-2 


IMPEDANCE 
FILTER DIMENSIONS CUT-OFF TRANSFORMATION 
(inches) FREQUENCY (kMe? RATIO OF 
TRANSFORMERS 


A) 0.457 See Fig. 9 < 0.9 
B) | 0. 0.457 | 0. ; , : < 1.4 not meas. 
C) 0.297 p : : < 2.8 <1.4 
D) | 0.032] 0.2971 0.145 : : “<1.4 < 0.45 


3. ADJUSTMENT oF SLot DeptH to ExTenp Stop Bano; 
CHANGE OF IMPEDANCE LEVEL 


Nowever, the data also show that the theory used breaks down as far 
as f. and f, are concerned when longitudinal slots are added to the struc- 
ture. It is believed that a TE,, or TM,, mode incident on the sections of 
the stepped transformer in which there are longitudinal slots can excite 
in these slots the horizontally polarized TE,, mode when slot height 
bu>k/2. In this case the TE,, slot mode can exist above about 13 kMc for 
the experimental filter as initially designed, The effect of the gap is 
analogous to that of longitudinal slots centered in the broad walls of a 
rectangular waveguide and is, therefore, negligible for this transmission 
mode. The periodicity caused by the transverse slots does form a filter 
Structure but its first pass band falls in the desired stop band. This 
difficulty could probably be overcome by omitting the slots from the 
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FIG. 12-10 


MEASURED PERFORMANCE OF EXPERIMENTAL FILTER SHOWING 
PROGRESSIVE DEVELOPNENT 


region of the stepped transformers as was done In an earlier design,! thus 
preventing the TE), and I™M,, modes from being incident on the longitudinal 
slots in the filter, However, the structural complexity of the filter 


would be increased thereby, which would increase the manufacturing cost. 


Appropriate steps indicated by the above discussion were then taken to 
extend the stop band, Firstuthe dimension & was reduced to 0,297 inch; 
the undesired slot-mode cut-off frequency was: thus thoreased to 20 k Mey 
Then the dimension 6! was reduced in order to maintain cut-off frequency Sy 
constant. Here, again, the reduction in 6’ was made proportionally greater 
than the reduction in 6b so that the gap 6’ could be increased, if necessary, 
by a milling operation. As indicated on Line € of Table 12-3 and in_ 
Fig. 12-10(b), the cut-off frequency J, remained stationary and f, in- 


creased to approximately 20 kMc, while on the other hand, the pass-band 
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FIG. 12-10 (Continued) 
MEASURED PERFORMANCE OF EXPERIMENTAL FILTER SHOWING PROGRESSIVE DEVELOPMENT 


performance deteriorated. This deterioration of performance in the pass- 
band was expected, since the optimum filter terminating impedance was sub- 
stantially reduced along with the reduction of dimensions b and 6’, while 
the impedance transformers were not altered in any way. The next step was 


to redesign the transformers. 


4. REDESIGN OF STEPPED TRANSFORMERS 


Toward this end the following calculation, valid at low frequencies, 
was made. It was assumed that the change in the optimum filter terminating 
admittance, and hence the change in the transformation ratio, is propor- 
tional toy’ /L')/(C/L), where L and C are series inductance and shunt 
capacitance per section, respectively, and the prime stands for the new 


value of these quantities It is not necessary, here, to know L and C 
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explicitly, but merely to recognize that, to a good approximation, C is 
inversely proportional to 6’ and L is directly proportional to 6. We now 


have, using the values of 6b and b’ on Lines B and C of Table 12-3, 


ie jo. 457 x 0.060 | . 
Sabet seelegga. (12-14) 
Y, 0.297 x 0.032 


Here Y, is the originally calculated filter terminating admittance for 
which the first stepped transformer was designed, and Y, is the new value. 


The newtransformation ratio is R = 1.698 x 4.78 see i 


New values of impedance ratios were calculated for each step of the 
transformer which consisted, as before, of five > ./4 sections. It is to. 
be noted that the complete filter assembly, as indicates in Fig. 12-9(a), 
ends on each side in the first A 7/4 section of the transformer, not in 


the input waveguide. 


5. ADJUSTMENT OF LENGTH OF FILTER-TERMINATING WAVEGUIDE SECTIONS 


Instead of connecting the filter directly to the stepped transformers, 
a section of filter-terminating waveguide approximately equal in length to 
a transformer section was built integrally into the end of each stepped 
transformer. Under matched conditions these should have no effect on the 
filter performance, but if slight mismatches did exist in the transformers 
and in the filter, the length of these sections could be adjusted to reduce. 
the VSWR peaks in the pass band. Accordingly, these filter- terminating 
sections were shortened progressively during testing until the VSWR in the 
upper half of the pass band was as low as could be achieved by this ad.” 
justment. The effect of this adjustment on the VSWR peak in the lower 
portion of the pass band was smaller, but was also beneficial. These re- 


sults are shown in Fig. 12-11, and are summarized, on Line D of Table 12- 3. 


The stepped transformers were tested separately by connecting themback _ a 
to back after the above adjustment was made The VSWR pattern (not shown) | 
indicated that the transformer bandwidth is close to the design value, while 
the maximum VSWR is 1.15 for two transitions. A Single transition would 
thus have amaximum VSWR of about 1.07 It is felt that this is not an un- 


reasonable departure from the design value of 1. 023, because the theoryis “. 


_—T ——> = 


strictly applicable to transformer sections all having the same cut-off 
frequency. 
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FIG, 12-11 


MEASURED VSWR OF FINAL EXPERIMENTAL FILTER DESIGN 
SHOWING IMPROVEMENT OBTAINED BY REDUCING 
TERMINATING GUIDE LENGTHS BETWEEN FILTER 

AND EACH TRANSFORMER 
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6. PERFORMANCE OF SCALE Mopet with HIGHER Moves INCIDENT 


The solid line in Fig. 12-12 is the insertion loss for the filter 
when the filter and terminating waveguides are lined up in the normal 
fashion, while the vertical dashed lines ending in a circle indicate sharp 
responses (predominantly in the transition region) that occur only when 
higher modes are strongly excited. These higher modes were excited by 
rotating the filter slightly on its axis and by offsetting the filter 
transversely between the terminating waveguides until a maximum response 
was obtained. It is seen that cheat ilter. which was designed to suppress 
these higher modes as well as the dominant mode, does so by more than the 


desired 40 db throughout the. specified stop band. 


F FILTERS I AND II 


Final models of Filter I for the 10-15.5 kMc band (stop band 20 to 
47 kMc) and of Filter II for the 15-21 kMc band (stop band 30 to 63 kMc) 
were designed by measuring the experimental model directly and then using 


an appropriate scale factor. Because of lack of test equipment, these 


final models could be tested in only part of their operating range and 
these results are shown in Figs. 12-13 and 12-14. 
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FIG. 12-13 (Continued) 
MEASURED PERFORMANCE OF FILTER | SHOWING EFFECT 
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FIG. 12-14 
MEASURED PERFORMANCE OF FILTER II 
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CHAPTER 13 


EXTENSION OF TABLE FOR TCHEBYSCHEFF AND MAXIMALLY 
FLAT LOW-PASS-FILTER ELEMENT VALUES 


A. GENERAL 


Louis Weinberg has published extensive tables of normalized element 
values for dissipationless Tehebyscheff and maximally flat filters for 
various termination ratios and amplitudes of Tchebyscheff pass-band 
Tripple, 12 For microwave applications, one is usually interested only 

in cases having termination ratios such that the reflection loss in the 
pass band 1S minimum, thet for the ‘maximal hy flat filters there is no 
reflection loss at w - 0, and for the Tchebyscheff filters the reflection 
loss falls to zero at the minimum point of each ripple of pass-band attenu- 
ation. MVeinberg's tables do not cover this minimum reflection case for 
Tchebyscheff designs having less than % db pass-band attenuation ripple 
except for some cases where the number of reactive elements is odd. Since 
minimum reflection designs having less than % db of ripple are of consider- 
able interest for microwave filter design, element values were calculated 
for nondissipative minimum-reflection designs with 0.01, 0.1, and 0.2 db 
ripple corresponding to VSWR ripples of 1.10, 1.36. and 1 54, respectively. 
These element values were calculated by the method outlined in Fig. 2.2 

of Hef. 3, and dre presented in Table 13-1. Weinberg’s element values 

for ere: 0.5 571.05: 2.0; and 3.0 ripple cases are also included, by courtesy 
of Dr. Weinberg. Wis data for the minimum-loss, maximally flat case are 


presented in Table 13-2 for completeness. 


B. .USE OF THE TABLES 


As illustrated in Figs. 13-1 and 13-2, the element values represent 
alternately shunt capacitance and series inductance. The load resistance 
next to Element 1 is always one ohm. If the circuit starts out with a 
shunt Capacitance C, = B, next to the one-ohm load resistance, one circuit 
is obtained, while if the circuit is chosen to start out with a series 
inductance, L} * By, next to the one-ohm load, the dual circuit is obtained. 
This is illustrated in Figs. 13-1 and 13-2 for the case of n = 4, (Apply- 
ing duality to the voltage generator and resistor r in Fig. 13-1 will 


result in a current generator with a conductance in parallel, However, 
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FILTERS 


1 e000 
0.9084 
t. onoo 
0. 90n4 
1. Anon 
0 9084 
1. noe 
Oo TORE 
1.9000 
0.9084 


1. 9006 
#. $0402 
1. on00 
9.50402 
4. 0008 
4.50492 
1.0000 
0, 30402 
1, neon 
6.30402 


4.0000 
0.24418 
1. 0000 
0.20418 
1.0000 
0.24418 
1.0000 
6.24418 
8.0000 
0.24618 


$1. 0000 
O. 47205, 
1. 0000 
O.y7218 
1. 0600 
©.17218 
1.0000 
O.47218 
1.0000 
G. R728 


Thevenin’s theorem may be applied to give the voltage generator and series 
resistor as shown in Fig. 13-2.) . Both circuits will have the same re- 
Sponse., The generator resistance, ror r’, is given in the column on the 
right in Table 13-1. Note that the value wiven in the table is either 

ror l/r’, depending on which of the two dual circuits is chosen, t.e., 
whether S50" Sy Or. gy = as respectively For the Tchebyscheff case the 
element values given will yield a design with an equal-ripple pass-band 
extending fromu - 0 tow = 1 Above w = 1] the attenuation rises monotoni- 
cally. In the maximally flat case the attenuation 1s zero at w = Q and 

has a maximum number of derivatives equal to zero at that point also, 


For the element values in Table 13-2, the 3 db point occurs at w= ], 


Given the element values for a suitable tos: paas prototype filter, 
the methods of Hef. 3 can be used for obtaining a microwave, band pass 
filter design with pass band ripple properties similar to those of the 
Prototype The element values given in Tables 13-1 and 13-2 correspond 
exactly to the 8, values defined in Fig. 2.2 of Nef. 3. The circuit form 
with unprimed termination resistance r and with capacitance Cy =. 8, next 
to the R- 1 ohm termination is the -proper one to use with the design 


equations of Ref. 3. 


TABLE 13-2 
ELEMENT VALUES FOR MAXIMALLY FLAT FILTERS 


1 
2 
3. 
4 
5 
6 
7 
8 
9 
0 
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0.9080 | 0.3129 
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aie 3 FIG. 13-1 
A LOW-PASS FILTER HAVING n = 4 REACTIVE ELEMENTS — 
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FIG. 13-2. 


A FILTER CIRCUIT WHICH CAN BE OBTAINED FROM THAT 
IN FIG. 13-1 BY USE OF THE PRINCIPLE OF DUALITY 
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~ CHAPTER 14 


PHASE- SHIFT AND TIME-DELAY RESPONSE OF 
MICROWAVE NARROW-BAND FILTERS” 


A. GENERAL 


The phase shift response of a transmission circuit is an important 
consideration in the design of communication and radar systems. In order 
to avoid overshoot, ringing, and broadening of signal pulses, the phase 
shift us frequency characteristic must be closely linear over the bandwidth 


1. Variation of the insertion loss or gain of the 


of the signal spectrum. 
transmission system over this bandwidth will also introduce distortion, 
but usually nonlinearity of the phase-shift characteristic is far more 


serious in microwave systems. 


The phase shift response of a frequency filter cannot be linear at 
all frequencies. In fact, with the more commonly used types of filters, 
there is considerable deviation from linearity even inside the pass band, 
However, if the signal bandwidth is very small compared to the width of 
the pass band, the deviation from linearity of the phase characteristic 
will be small over the width of the signal spectrum. It is only in cases 
where the signal occupies an appreciable part of the pass band that dis- 
tortion due to phase curvature is important. For that reason, in microwave 
applications the phase characteristic is usually only of concern in narrow- 
band band-pass filters, whose bandwidths are not much wider than that of 
the signal spectrum. Consequently, this chapter is primarily concerned 
with the most commonly used microw.ive narrow-band filter, the multiple- 
coupled-resonator filter designed to have either a maximally flat or 
equal-ripple insertion-loss response. *34 In addition, consideration is 
Ziven to the maximally flat time-delay response, *® which may also be 
achieved in a multiple-coupled-resonator structure, The design data for 
all of these response functions are available in low-pass prototype- filter 
form?34.6 as shown in Fig. 14-1. Thus, the phase-:shift calculations - 
given in this chapter may be applied to low-pass, high-pass, and band- 
rejection filters, as well as to band-pass filters. In fact, for simplicity 
the graphical data presented here are plotted against the frequency parameter 
of the low pass prototype, but are easily applied to narrow-band band-pass 


filters by means of formulas provided. 


Thia material has been published. See S. B. Cohn, “Phase-Shift and Time-Delay Response of Microwave 
Narrow-Band Filters,” The Microwave Journal 3, ppe 47°51 (October 1960). 
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FIG. 14-1 
LOW-PASS PROTOTYPE FILTER 


Although microwave signal spectra are usually narrow relative to 
their center frequencies, there are increasing applications utilizing 
pulse lengths of the order of a millimicrosecond where the relative width 
of the spectrum is large. For suct7<ases, approximate synthesis proce- 
dures developed by Matthagi™®? may be used in designing the necessary 
wide-band filters, It is net known at this time whether the prototype- 
low-pass-filter phase-shift data contained in this chapter may be applied 
to these wide-band filters, since they would be expected to deviate 


strongly from non-minimum- phase behavior. 


It was once general ls believed that multiple-resonator filter designs 
based on a nondissipative prototype having maximally flat insertion loss 
response are preferable to ones having equal-ripple response. It has 
been demonstrated, however, that the nondissipative equal-ripple proto- 
type design (with ripples of about 0.01 to 0.1 db) is superior in a num- 
ber of respects. For a given number of elements and given stop-band 
bandwidth it yields better selectivity and lower pass band dissipation 


1,11 Furthermore the coupling elements are more nearly uniform 


loss. 
than with the maximally flat design so that structural errors between 


their relative sizes are likely to be smaller. 


Thus, from standpoints of selectivity, dissipation loss, and prac- 
tical design, the equal-ripple response is superior to the maximally flat 
insertion- loss response. However, it is still generally believed that 
the maximally flat insertion-loss filter provides a more linear phase 
characteristic than the equal-ripple filter, so that the former would be 
preferred where distortion might be a problem. In order to determine 
whether this is indeed true, a quantitative comparison of various five- 
element filters was made. The results show thet in usual applications 


where the purpose of the filter is to provide isolation between channels, 
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and not to limit the bandwidth of the signal spectrum, the maximally flat 
insertion loss filter is actually likely to be inferior to the equal-ripple 
filter. In less usual applications, where the filter's function is to 
decrease the bandwidth of the signal spectrum, so that the phase charac- 
teristic near and beyond the 3-db points is important, both types of response 
would usually give poor results, with the equal-ripple response the inferior 


of the two. 


It must be emphasized that the data and conclusions given in this 
chapter apply only to five-element filters. It is believed, however, that 
similar performance will result with other numbers of elements, although 
quantitative values will be different. Therefore, in applications requiring 
linear phase shift and numbers of elements other than five, it is definitely 
worthwhile to carry out calculations like those in this chapter to see which 
response function is most suitable. The formulas given in Sec. D will 


make such calculations straight forward. 


The maximally flat time-delay filter offers a phase characteristic 
greatly superior to that of the equal-ripple and maximally flat insertion- 
loss filters, but has a number of disadvantages that preclude its use in 
most cases: (1) Its insertion-loss response (in decibels) vs frequency 
approximates a parabolic curve, so that its VSR increases rapidly as f 
deviates from the center frequency, fy. Thus over most of its 3-db band- 
width the VSWR and reflection coefficient are high. As a result, reflec- 
tion interactions with a slightly mismatched load or generator may seriously 
affect the otherwise good phase-shift response of this type of filter. 

(2) For a given selectivity, more elements are needed. In fact, no matter 
how many elements are used, this type of filter cannot provide greater 
selectivity than a parabolic insertion-loss-response curve. (3) The 
multiple resonator structure is highly unsymmetrical, with a very large 
Variation in the coupling elements from one end to the other. This large =. 
variation increases the difficulty in the design, and makes values of the 
couplings more likely to be in error relative to each other. The only 
application for which the maximally flat time-delay filter may be prefer- 
able is one where the filter is intended to reduce the spectrum bandwidth 
without causing overshoot or ringing. The excellent linearity of the phase 
function even beyond the 3-db points makes this filter well suited for 


this purpose. 
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Bo TIME-DELAY AND PHASE SHLET RELATIONSHIP 


The insertion loss in decibels of a filter operated between equal- 
resistance terminations is defined as follows in terms of the quantities 


shown in Fig: 14-2. 


| v de 
ies Sd) lord at} (14-1) 


oy 
rags 
The insertion phase shift of the filter is defined as 


" Im(¥_/V,) 
¢ <b] Se rai TF Yee bal (14-2) 
L % : 4 F 


Re( 7 Ve) 


For $ in radians, the time delay (1.e., group delay) in seconds of a signal 


passing through the filter from source to load is 


Briss ef : 
to. # ii (14-3) 


d a 


where @ is the angular frequency 27f in radians per second. 


If d$/dw is not constant over the bandwidth of the signal spectrum 
(t.e., 186 ts w-is- pot lineat), the zine delay will vary over different 
portions of the spectrum, and distortion will result Thus, a constant 
time delay over the spectrum width is necessary for distortionless trans- 
mission In comparing different filters, the amount of deviation from 
constant time delay over the signal bandwidth provides a good indication 


of probable performance. Of course, insertion-loss Variation over the 


FILTER 


ma T378-O10- eee 


FIG. 14-2 
CONNECTION OF FILTER TO ITS TERMINATIONS 
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bandwidth will also affect the fidelity of signal. transmission, but in 
typical microwave applications this source of distortion is not likely 


to be serious. 


The phase-shift and time-delay curves presented in this report were 
evaluated for the low pass prototype filter appropriate to each response 
type. The phase-shift function of the derived band-pass filter is obtained 
from these curves simply by transforming the frequency scale as shown in 
Fig. 14-3. Frequency transformation relations for a number of kinds of 
coupled-resonator circuits have been given.?® Jn the case of narrow band- 


width (less than a few percent), these all reduce to 


9a) (w Lhe J eas ; 
Agape ee Panne a oc : (14-4) 


w 
rh set | 


where (see Fig. 14-3) @'’ 1. radian frequency for the low-pass prototype 
filter, @) is a particular value of w’', w= 27f is radian frequeacy for 


the band-pass filter, Wy is the center sngular frequency of the band pass 


filter, and 
w = heen } : (14-5) 


is the relative bandwidth of the band-pass filter between angular fre- 
quencies @, and @, that correspond to wy. 


PROTOTYPE RESPONSE BANOPASS RESPONSE 
Ba-2976-7e 
FIG. 14-3 


CORRESPONDENCE BETWEEN FREQUENCY SCALES FOR | 
LOW-PASS-PROTOTY PE FILTER AND EQUIVALENT 
BAND-PASS FILTER 
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Equation (14-3) may be rewritten as 


dp dw" 


= Se SeoreaaT) 
d du)’ dw 


t (14-6) 


where d}/dw' is the time delay of the prototype filter, Equations (14-4), 
(14-5), and (14-6) yield 


Psdeid el Fite gy OF pay (14-7) 


oy Led aca 


This formula enables one to calculate the time delay of a narrow-band 
band-pass filter in terms of its bandwidth (f, ~ f,), the corresponding 
radian frequency w., and the time delay of the prototype filter. With 
coupled-resonator filters whose bandwidth is more than about 2 percent 
and not more than about 10 percent, Eq. (14-6) should be used with a 


more precise relationship between «w’ and «@ than Eq. (14-4). 35 


The time-delay curves in this chapter are normalized with respect to 


the center-frequency time delay ¢ Thus, if absolute time delay values 


do° 
are desired, one need merely multiply the normalized values by ty), which 


may be calculated at fy by Eq. (14-3), (14-6), or (14-7). 


C. CALCULATED RESULTS 


Phase-shift-versus- frequency curves are shown in Fig. 14-4 for 
dissipationless low-pass prototype filters waving maximally flat insertion- 
loss response and equal-ripple response with ripple levels of 0.01 and 
0.5 db. The location of each 3-db point is indicated. All of the curves 
exhibit nonlinearity. The 0.5-db-ripple phase-shift curve has a minor 
undulation superimposed. This curve is typical of those for equal-ripple 
filters having high ripple amplitude, and explains why equal-ripple filters 
have had a poor reputation as far as phase linearity is concerned. How- 


ever, the curve for 0.01-db ripple is strikingly improved, and in fact 


appears more nearly linear than the curve for the maximally flat insertion- 


loss case. 


Normalized time-delay curves are shown in Figs. 14-5 and 14-6. “ta 
Fig. 14-5, the frequency scale is normalized with respect to the 3-db 


‘point, while in Fig. 14-6 it is normalized with respect to the 60-db point, 
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NORMALIZED TIME DELAY VERSUS w’ /w.o4, FOR VARIOUS PROTOTYPE FILTERS 


Inspection of Fig. 14-5 shows that a high peak of time delay occurs just 
before the 3-db point. This peak 15 lowest for maximally flat insertion- 
loss response, and increases with ripple level in the ejual-ripple cases. — 
Thus, if important components of the signal spectrum extend out to or 
beyond the 3-db points, objectionable distortion is likely to occur in 
all cases, being least objectionable in the maximally flat insertion 


loss case. 


In usual applications, however, the signal spectrum will already be 
confined to a specific ' .ndwidth before entering the filter By making 
the filter passband sufficiently wider than the signal bandwidth, the 
“spectrum may be limited to a portion of the time-delay curve that is 
almost: constant Figure 14-5 shows the equal-ripple filter to be supe- 
rior in this case, if the ripple amplitude is of the order of 0.1 db. 

As an example. the curve for 0.1-db ripple is constant within +] percent | 
for «' rab < 0.31, while the curve for maximally flat insertion loss 


_meets that tolerance only for w'/wyy, < 0.16. 
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The curves in Fig. 14-6 are cven more interesting from a practical 
standpoint. In the usual application, the signal channel is to be isolated 


from one or more other channels spaced specified distances away in tre- 


“quency. Thus, a normalization of the frequency scale such that the band- 


width at a given insertion-loss level in the stop band is the same for all 


curves provides a useful basis of comparison. In Fig. 14-6, the frequency 
normalization is with respect to the 60 db point. However, the normalizatio 
point may be casily altered. In all cases, except the maximally flat time 


delay case, the insertion-los:s curves merge together and all increase at @ 
30-db per octave rate above about 50 db. ‘Thus, the graph in Fig. 14-6 may 
be applied to other values of stop-band insertion loss above 50 db by 
dividing the numbers on the abscissa scale by 19¢b.-60)/20" where Lis 
the value of stop-bind insertion loss, and n = § 18 the number of elements 


in the prototype filter circuit. 


An interesting property revealed by Fig. 14-6 1s that the initial 
upward curvature of the time-delay curve for maximally flat insertion loss 
changes gradually to downward curvature as the ripple level is increased. 
Close examination indicates that the initial curvature disappears for a 
ripple level of about 0.03 or 0.04 db. In addition to this effect on 
curvature, the equal-ripple case is also aided by its greater selectivity - 
compared to the maximally flat case, permitting the former a wider pass 
band when the stop bandwidths are made the same. Comparisons of the curves 
show that for a *}]-percent tolerance on ty, a 0.1-db ripple filter can be 
used out to 0.100 “(yay while the maximally flat insertion-loss filter 
can be used only out to 0.04" APS For a +10-percent tolerance on ty, 

a 0 5-db-ripple filter can be used out to 0 184 wee tt while the maximally 
flat insertion-loss filter can be used only out to 0.116 wor eae Thus... the 
improvement offered by equal-ripple filters with properly chosen ripple 


level is substantial. 


Figures 14-5 and 14-6 show the maximally flat time-delay filter to 
have greatly superior time-delay churacteristics to the other filters 
considered. However, its mismatch and design disadvantages discussed in. 
Sec. A must be borne in mind in selecting the best filter for a given 
application. For eximple, at w = 0.1 Weodb = 0.645 wyy, the maximally 
flut time-delay filter has 1.25 db of insertion. losedue. to reflection, 

= 0 


and a VS" of 3.0. The other filters, except for the 0.5-db-ripple one, 


are well matched at these frequencies. 


D. FOMMULAS USED FOR PHASE SHEFT CALCULATIONS 


: The following formulas were used in computing the insertion- phase- 
shift and time-delay data of Figs. 14-4, 14-5, and J4-6. They are given 
in generalized form so that the reader may use them for. other values of 


ripple amplitude and n, 


The insertion voltage ratio of a nondissipative equal-ripple prototype 
filter may be deterinined in magnitude and phase from the following poly 


nomial function: 


Freep hice pane wi: figs Ga) pr eet. ot (14-8) 


where p = ao + yo, which is the complex radian-frequency variable, n is the 
degree ‘of tne polynomial, and x is a parameter related to the ripple level. 
For steady-state excitation at frequency p = 0 + yw, the insertion phase 


shift is given by 


ImP (ja ,x) : 
a t: - 4] putes ce keel ya te ee , | ne 
p an PeP (yo ,x). (14-9) 


while the insertion voltage ratio is simply proportional to IP (jw',x) I. 


For n even, the polynomial Pi(p,x) may be expressed in factored form by 2 


pi2 "(2a - orl 
Puen = TT I 2x cos RN) op 52 ¢ gin? 28 J 
(14-10) 
and, for n odd and 23 by 
(n-1)/2 nT 
PP x) ce. (Pp. +X) [T, | nh ES cos — p + x? + sin? = 
(14-11) 
The parameter x is given by” | 
4 3 
ny ety mainly |i sh ore eee (14-12) 
5 Toh Oe we 


where L. is the ripple level in decibels; t.e., the difference in decibels 
between the maximum and minimum insertion loss in the pass band of the 
prototype filter The relative-insertion-voltage ratio, [P (ja’ x) |; has 
equal-ripple behavior in the range -]1 <~' < 1, and increases monotonically 
outside that ehh oe 

Multiplied-out forms of Pi(p,x) are given by Matthaei® for n = 2 to 5, 
and his expression for Po(p,x) was used with Eq. (14-b2) in computing the 
data in this report. Alternatively, the insertion phase shift is equal to 
the sum of rhe phase angles of all the individual factors in hq. (14-10) 


or (14-11). 


Each quadratic factor in Eqs.. (14-10) and (14-11) can be reduced to 


a pair of binomial factors Pipe WOR ORY a= Pave in which p. and P. are a 
complex-conjugate pair of roots of the polynomial For n even, 
G2 mses), ae aa’ Soh) 
p Seats onal et ae PUR pox x2 ¢ Y sin ————— (44-13) 
n on 


and for n odd, 


Jim aera , 7m 
i eG -x cos — + FENG, die * 1 sin —. (14-14) 
n n 
These formulas give pairs of roots p, and Be for m> }. In addition, the 
polynomial for n odd has a single root pg = -x. When plotted in the complex 


p =o + yu' plane, the roots of the polynomial all lie in the left half 
plane on sipelinnsecahess major axis coincides with the yw’ axis and whose 
minor axis coincides with the o axis. The axial ratio of-the ellipse varies 
with the ripple level, the ellipse becoming a circle as the ripple level 
goes to zero. In that limit, the insertion- loss response becomes maximally 


flat, with its 3-db point at w' =°x — @, 


Nhen the frequency scale for the maximally flat insertion-loss case 
1s adjusted so that the 3-db point occurs at «’ = 1, the formulas for the 


. : e 
polynomial and its. roots P, P, are as follows: for n even, 


n/2 n(2 es 
P(x) = ARE G + 2 cos 2 2)» + } } (14-15) 
ental 2 
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m(2n - 1) eefeeln 7(2Q2m ~ 1) . (14-16) 


P, cos a Dal 
and for n odd, 
(n-1)/2 ¢ a 
Pls) ie OoCp. +. 1) [2 + 2 TO Merced Wi he ariel WN Be (14-17) 
n 
a=) 
TTR Tim 
PRE Sia7 FCOS: ——=6t- hy sie ——— 9) ms | (14-18) 
n n 7 
pete ety He (14-19) 
e . 


The phase-shift formulas for the maximally flat and equal ripple- 


insertion-loss examples considered in this chapter were evaluated by means 


of an electronic computer. The time delay values were later obtained from 
the phase-shift values by numerical differentiation. The increment used, 
Nw’ = 0.05 is fine enough to ensure very good accuracy except at the high 


peaks near the 3-db points. where a slight error may exist 


E. CONCLUSIONS 


The investigation described in this chapter was restricted to narrow- 
sand filters based on five-element, nondissipative, low-pass prototypes 
However, the results for numbers of elements other than five are expected 


to be similar although with quantitative values changed 


For n = 5, if the bandwidth of the signal spectrum is less than half 
of the 3 db bandwidth of the filter, the equal ripple design with proper 
choice of ripple level offers superior phase-shift and time-delay charac 
teristics compared to the maximally flat insertion loss design “hen the 
spectrum is less than or ejual to three-tenths of the 3-db bandwidth, best 


results are obtained with ripple levels of about 0.03 to 0.1 db 


In most cases, a microwave filter 1s intended to isolate the signal 
spectrum from adjacent channels. The stop-band bandwidth is then a speci 


fied quantity. On the basis of equal stop band bandwidth, equal ripple 


filters offer a strong advantage over maximally flat insertion-loss filters. 


As an example, for a +l-percent tolerance on time delay, an 0. 1-db ripple 
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filter can transmit a signal spectrum bandwidth that is 18.4 percent of 
the 60-db stop-band bandwidth, while for the maximally flat insertion-loss 


filter this figure would be only 11.6 percent. 


In some applications, a filter is used to reduce the width of the 
signal spectrum. This may be done either to remove undesired portions of 
the spectrum or to broaden the pulse width intentionally. Both the maxi 
mally flat insertion-loss and equal-ripple designs are likely to cause 
ringing and overshoot when.used for this purpose More suitable for such 
applications is the maximally flat time-delay filter’ This has a very 
flat time-delay characteristic over the pass-band and well beyond the 
3-db points However, its disadvantages of pass-band mismatch, poor. 
selectivity, and practical design difficulties limit its application to 


cases where an equal-ripple-insertion-loss design «ill not suffice, 
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CHAPTER 15 


A GENERALIZED APPROACH FOR DIRECT-COUPLED FILTER DESIGN | 


A. GENERAL 


In the Final Report! on an earlier, related project, Cohn presented 
an improved method for direct-coupled filter design and gave information 
for applying the method to the design of a variety of types of lumped- 
element and microwave filters. For convenience, we will review part of a 
lumped-element example for Ref. 1, and then derive from it a generalized 


statement for this viewpoint of design Using this generalized statement, 


principles for the selection of approximate low-pass to bandpass trans for- 


mations will be developed 


B. REVIEW OF AN EXAMPLE FROM REF. 1 


One may design a lumped-element, band-pass filter directly from a 


low-pass prototype! ?3 by use of the transformation 


w  —(+- —)- - (15-1) 
; vw @) 0 & 


In this equation, w’ is the frequency variable of the low-pass prototype, 
while «@ is the corresponding variable for the band-pass filter. In 

Figs. 15-1(a) and 15-1(b), w 

ering negative values of w') - w) maps to w,. The band-pass filter band- 


4 ‘ a : 
= 0 maps to “), “, maps to @), and (consid- 


width is fixed by 


Gs 7) Gi. 
w pes ee . (15-2) 
where 
Ps (15-3) 


The attenuation characteristic of the bandpass filter may be calculated 


directly from the attenuation characteristic of the low-pass prototype 


i) 
ts 
a 


ee tee 


i a eee 


by use of Fas. (15-1) to (15-3). 
The attenuation of the nrototy?? 
at frequency «’ and the attenua-.. 
tion of the band-pass filter at 
frecuency @ will be the same 


when a’ and @ are related by 


Eq. (15-1). 


db ATTENUATION 


If w' is the frequency var- 
iable of the circuit in 
Fig. 15-2(a) and Fig.. 15-1(a) 


at its response, then substituting 


the right side of Eq. (15-1) for 
a’ in the impedances and ~admit - 
tances of the circuit in 

Fig. 15-2(a) will result an the 


circuit in Fig. 15-2(b) with the 


db ATTENUATION 


resoonse shown in Fig 15-1(b). 
The circuit in Fig 15-2(b) has 


both series and shunt resonators, 


in many applications, however, 0 aw, Wo iy 


wQ—e 


it is desirable to have all of ma-2320-76-98 


(b) 


the resonators of the same form. 


In Ref. ] this result is achieved 


FIG. 15-1 
by using so-called impedance tn- 
A TCHEBYSCHEFF LOW-PASS FILTER RESPONSE 
Het Eerie mle Ch 18 CERO Da Cat as FOR THE CASE OF n - 5, AND THE RESULTING 
works having +90 degrees image . BAND-PASS FILTER RESPONSE WHICH WOULD 
Kiera aciehak eRRC REESE EE LOR BE OBTAINED BY A LOW-PASS TO BAND-PASS 
TRANSFORMATION 


parameter, K. If an impedance 
Z, is connected to one port of an impedance inverter, then the impedance 


Z, seen at the other end is 


kK? 
Zz, 2 cH ¥ : oe -4) 


a ae 


e 
Note that an Fig 15-2(a) 1t as assumedtuate ~ 1 for n edd This will be true for lossless Tchebyacheff 
or maximally flat filters which have reru reflection at one of more paas-band frequencies  Elcment values 
for such falters can be obtained by the formulas in Fig. 2-2 of Ref. 1, or from the tables in Ref. 2 of 
Ref 3 If the formulas an this discussion are to be used for a circuit where mn is odd but r # 1, then 
r should be replaced by 1/r.in the following equations for the inverter parameters 
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n EVEN 
w wes oe at 
Ea ; Ll, wis 
: ow, bird We 
k OOO h EVEN 
a = 
ey ocra Ae co aeTe | 2g 


(w, AND w, CORRESPOND TO w, OF PROTOTYPE RESPONSE) 


(b). 


(c) 20-2320-1T6-139 


FIG. 15-2 


TRANSFORMATIONS FROM A LOW-PASS PROTOTYPE TO A BAND-PASS FILTER 
CONTAINING IMPEDANCE INVERTERS 
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By introducing impedance inverters, series resonators can be made to look 
electrically like shunt resonators, and the form of circuit in Fig. 15-2(c) 


becomes theoretically possible. 


In the circuit of Fig. 15-2(c), for each resonator 
7) s Sp RR ES at (15-5) 


must be satisfied, but either Lor C_, may be chosen arbitrarily. In 
Ref. 1, a derivation is given showing that the parameters of the inverters 
adjacent to the ends are related to the elements of the prototype filter 
in Fig. 15-2(a) by 


(15-6) 


and 


(15-7) 


G@ au’ L L ape: 
0 eas Oe ee aa 
Kins > ; : ee (15-8) 
Fy . a) By Bas; 


The impedance inverters can be approximated by a variety of different 
networks, but two which are particularly applicable for use in the circuit 
in Fig. 15-2(c) are shown in Fig. 15-3. Since these inverters are frequency- 
sensitive, they are accurate only for filters of narrow bandwidths. However, 
by altering the mapping function, accurate designs are obtained for fairly 
large bandwidths.’ In a practical situation, the negative elements in the 
impedance inverters are absorbed into the adjacent positive elements of the 
same kind so as to eliminate all negative elements in the final circuit. 
5 leblee sales oe oe ae 
. 


The negative elements at the ends, of course, cannot be absorbed into the resistive terminations. The end ine 
vertera can be handled as described in Section C, Part § in Ref. ] or ea in Chapter 16 of this report, 
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FIG. 15-3 


TWO CIRCUITS SUITABLE FOR USE 
AS IMPEDANCE INVERTERS 


C: A GENERALIZED STATEMENT OF COHN’ S DESIGN METHOD 
| 1]. DESIGN RELATIONS wITH MAPPING UNSPECIFIED 


Cohn applies the method just described to a variety of different 
Structures and introduces modified mappings that give good accuracy for 
filter designs running to around 20-percent bandwidth. For the purposes 
of Chapters 16 and 19 of this report, it will be helpful to use a general- 
ized statement of his design method in which the resonator functions and 
the low-pass to bandpass transformation are left unspecified. Appropriate 
functions may be selected for the filter structure under consideration 


in any given case. 


By Eq. (15-5) the reactance of the kth resonator in Fig. 15-2(c) 


can be expressed in the form 


1 wo Wg . 
X(w) = ab, = TRCN sw, ar oe cee ‘ (15-9) 


“rh 


It is seen that this reactance function is the same as the mapping function 
Eq. (15-1) except for the constant multiplier. This will also be true in 


the generalized case, i.e., the resonator and mapping functions used will 
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be the same except for their constant multipliers. Thus for the general- 
ized circuit in Fig. 15-4 we may specify the resonator function for the 


kth resonator as 
X,(w) = a, Fla), | (15-10) 
while the BN AY bandpass transformation will be 
w' = $F(w) | sai 


where a, and & are constants. The bandwidth factor 5 is related to ary 


@), @), and w, in Figs. 15-1(a), (b) by use of the relations 


a} = B5F(w,) = - 5F(a,) (15-12) 
w' = 0 © Fla) (15-13) 


In this generalized form, Eqs. (15-6) to (15-8) become 


= a,R, 
: Ky, 2 5a, 
= 
Kor nee genre (15-15) 
5g. 


and, for all the other inverters, 


(15-14) 


MO-232E-TS-130 | 


FIG. 15-4 
A GENERALIZED, BAND-PASS FILTER CIRCUIT USING IMPEDANCE INVERTERS - 
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kh, ho) ' (15-16) 


where r and the eg, are from the low-pass prototype, Fig. 15-2(a). It is 
interesting to note that the coupling coefficient between resonators 
k and kt + 1 is . : 


ee = 
(coupling coefficient) = he ea ane OF (15-17) 


og ae Rien oe ee ed 
ice Seat ore ud Rp bane] | ~ 20. Fla 
- 2 da 


In the case of the lumped-element circuit of Fig. 15-2(c) and the mapping 


@ 


0 


c 


in Eq. (15-1), Welne i ok ye Q = w/w, and ui = J, 


Using the principle of duality, we may immediately write down the 
corresponding general relations for the circuit in Fig 15-5. The shunt 
resonators in this circuit are coupled by two-port networks which, for 
convenience, will herein be called admittance inverters. The admittance 
inverter is simply the dual of the impedance inverter, i.e., an admittance 
“inverter hes +90 degrees image phase shift and an inversion parameter, J, 
associated with it. If an admittance Y, is connecte to one end of the 


Inverter, the admittance Y, seen at the other end is 
Alina ah tig (15-18) 


By Eq. (15-4) it is seen that for a given inverter either the J or K def- 
inition may be used, and J = 1,K. WNowever, it will be convenient to use 


the term tmpedance inverter for inverters appropriate for networl:s of the 


FIG. 15-5 
A GENERALIZED, BAND-PASS FILTER CIRCUIT USING ADMITTANCE INVERTERS 
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form in Fig. 15-4, and admittance inverter for inverters appropriate for 
networks of the form in Fig. 15-5. Figure 15-6(a), (b) shows circuits 
suitable for use as admittance inverters which are analogous to the im- 


pedance inverters in Fig, 15-3(a), (b). 


For the circuit of Fig. 165 theirens 
onator and mapping functions are, respec- 


tively, ° c 


By (a) = by F(a) (15-19) : ; 
ae -C 


ast a SP ta) (15-20) 


where by and & are again constants, and 
Fas. (15-12) and (15-13) apply as before. 
By duality 


Fouts (15-21) oor heckiesee nes 
{b) 
FIG. 15-6 
Shere ok: (15-22) TWO CIRCUITS SUITABLE FOR USE ~ 


AS ADMITTANCE INVERTERS 


and, for all other inverters, 


(15-23) 


where rand the &, are from the low-pass prototype, Fig. 15-2(a). For 


this case the coupling coefficient between resonators k and k + ] is 


fcoupling coefficient) is, maps ewee ee 
uvb b ; 


hook +1 


2. SELECTION oF & MAPPING FUNCTION F(w) 


As previously mentioned, the mapping function is determined in prin- 


ciple by the reactance or Susceptance functions of the resonators 
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However, these functions may be unnecessarily complicated for designing 
filters of, say, 20-percent bandwidth or less, so that it often becomes 
desirable to replace them by an approximate function, which is accurate 
for an adequate range in the Vicinity of Wo. Furthermore, the inverter 
parameters of the couplings general ly vary with frequency, making it con- 
venient to select an altered mapping function that helps to account for 
this effect. Tt is then convenient to regard the K- or J-parameters. of 
Figs. 15-4 and 15-5 as independent of frequency, while the selectivity of 
the resonators and the frequency variation of the couplings are toth ac- 


counted for by the choice of Fla). 


As indicated by Eqs. (15-10), (15-13), and (15-19), at the midband 


frequency, “the resonator reactances in Fig. 15-4 will all be zero: on 


any A 
the other hand, the resonator suscepNances in Fig. 15-5 will all be zero 

asa result of F(w,) = 0. Frequencies for which F(w) = ® correspond to fre- 
quencies of infinite atVenuation in these circuits. Thus, if F(w) has a 
first-order pole at the, frequency @ >, then, for an n-resonator filter of 

the form in either Boe sek orl$-S there weldcoceur wh nth-order pole of 
attenuation at the frequency wy. Because of this, an accurate mapping func- 
tion F(w) will be zero at Og: and will be infinite atthe frequencies proper 
for generating those frequencies of infinite attenuation required by inspec- 
tion of the actual filier structure. For filters of narrow or moderate band- 
width, this should be eeu only as a gnide for picking a simple F(w) function 
which has the form of skewness: that the actual transmission characteristic 
will have. However, for predicting the response of wideband filters designed 
by the methods of Chapters 19 and 20, it will be desirable to try to pick an 
F(z) function that will generate all of the important poles of attenuation and 


important pacs bands occurring inthe transfer function of the actual network. 


The filter structure in Chapter 16 presents a possible example for ap- 
plication of these principles. Although the discussion in that chapter is 
confined to the case of narrow or moderate bandwidth, it will be of interest 
to go through the reasoning one might use to arrive at an F(w) function that 
would be appropriate if the methods of Chapter 19 were applied to the design 


of a wideband filter of this type. 


The form of the filter is shown in Fig. 16-1(a). At zero frequency the 
reactance of each coupling capacitor is infinite, while the susceptance of 
each of the shunt transmission line resonators is also infinite, as a result 
of the short-circuit at one end of each resonator. For a filter with n shunt 
resonators, there wil] thus be a (2n + 1)-order pole of attenuation at w = 0. 


To approximate this condition when the circuit of Fig. 16-1 is converted 
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a 


to the representation in Fig. L5-5, it is desirable to use an F(w) func- 
tion which has a second-order pole at w = 0 (which implies a 2n-order pole 
of attenuation for w = 0 in the transfer function). The connection points 
for the shunt resonator lines in Fig. 16-1 will usually be different for 
the different resonators, but at certain higher frequencies the various 
B,(w) will again become infinite, though all B,(w) will not necessarily be 
simultaneously infinite. In a practical case, the closest poles of atten- 
uation at frequencies @ > 4) will be grouped in the vicinity of w = 3.5 Wy 
Their effect will be accounted for approximately if F(w) has a first-order 


pole at w = 3.5 wae which will cause an n-resonator circuit of the form 


shown in Fig. 15-5 to have an nth order pole of attenuation at that frequency. 


Then the suggested F(e) function is 


FQ) Unk eeae (15-25) 


where the (w - w,) factor in the numerator fixes the Land center, the w? 


factor in the denominator creates a second-order pole in F(w) at ws 0, the 
(w - 3.5 w)) factor creates a first-order pole at w = 3.5 wy, and the minus 
Sign is introduced so that F(w) will be negative for w < wg, as is implied 

by Eq. (15-12). 


It is desirable to have some expression for 5 in Eq. (15-20) in terms 
of the pass-bana edges w, and , in Fig. 15-1(b). This would ordinarily be 
done by solving Eq. (15-12) for w, and «) in terms of w; and Wy, and then 
obtaining an expression for $ in terms of wr, Ww, ~ @,, and Wye llowever, 
using the F(w) of Eq. (15-25) this involves finding the roots of third- 


degree polynomials. In such cases it is easiest to make a plot of 


@ 
Resp F(w) (15-26) 
normalized so that We = 1, and then find normalized values of w, and w, 


which will have the required: ratio w,/w, and which will satisfy Eq. (15-12). 


nanan REeneenememeeeeeee 


Using the representation in Fig. 18-4 or 1§-5 where the inverters are regarded as frequency invariant, and 
the frequency sensitivities of both the resonators and couplings are accounted for by F(w), the resonator 
function F(w) need not be a physically realizable reactance function, Also, some simplification is obteined 
if the F(w) function contains only the factors required to give s good approximation for positive values 

of w, am is the case for Eq. (1$-25). . 


For bandwidths up to at least 10 percent, and possibly greater, it 
will ‘be convenient and usually sufficiently accurate to use a simpler F(a) 


Piaceion 
FC) (15-27) 


for the case in Fiz. 16-1(a).  As.is true for Eq. (15-25), the slope of 
this function is greater for frequencies w < wy than for frequencies 

@ > Wy. For this function, simultaneous solution of Eqs. (15-12) and 
(15-13) yields 


8 = af ——— (15-28) 


ana 


he a2 ee (15-29) 


3. DeTeRMINATION OF THE RESONATOR CONSTANTS @, OR b, 


fying selected an appropriate function F(w) and having determined 
the bandwidth factor 5 for the mapping, it is still necessary to have a 
way of relating the resonator constants 4, or by in Uq. (15-10) or 
Eq. (15-19), respectively, to the parameters of the actual resonator. 
For filters of narrow or moderate bandwidth this is done most easily by 
relating the slope of the actual resonator function to the slope of F(w) 
at frequency #). For the case of Fig 15-4, let dX"(w)/dw be the slope 
of the reactance of the kth resonator as calculated from the circuit of 
the actual resonator rather than from the approximation furction Eq. (15-10). 


Then a, may be calculated from 


ais “ary : (15-30) 


This is the seme mopping as 19 used for the capecitive-gap coupled filter discussed in Ref. 1 


oat 


Analogously, the constants b, for Eq. (15-19) and Fig. 15-5 may be calcu- 
lated by the formula : 


dB’ (a:)} : 
dw 


. . (15-31) 


Once again the superscript r in dB'(a)/dw is used to indicate that this is 
the slope of the resonator Susceptance as calculated from the circuit of 


the actual resonator. 


Experience shows that this method of matching derivatives at wy will 
not be satisfactory in many cases of wideband design, and for such cases 


the procedure described in Chapters 19 and 20 is recommended. 
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CHAPTER 16 


DESIGN OF BAND-PASS FILTERS WITH VERY WIDE STOP BANDS 


‘A. GENERAL ‘PROPERTIES OF THE RESONATORS AND FILTER CIRCUIT 


The form of filter under consideration is a cascade of capacitively 
coupled shunt. resonators, .as shown in. Fig. VG-iCa)" The resonators con- 
sist of transmission lines. which are nominally one-quarter wavelength long 
at the’ mid-band frequency, «,- . As shown in Fig. 16-1(c), the resonator 
lines are short-circuited at one end, and the coupling connection point is 
a distance 0,, from the open-circuited end, where the parameters 9,, and 
Oy, 


quency, @). Various capacitances associated with the couplings will con- 


in the figure are electrical lengths measured at the mid-band fre- 


“tribute a shunt capacity across the coupling points of each resonator 


line, as ‘is indicated by Cc} in the figure. This capacitance must be treated 


as part of the resonator, and as a result 


Baas are ! (16-1) 


“while if there were no c} the sum of these two electrical lengths would be 


exactly 77/2. 


In order to see why the proposed filter structure should have very 


‘wide stop bands, let us set CY - 0 so that the resonator electrical length 


will be exactly.77//2 radians at frequency “9 Then if 6,, 18 zero in 


“Fig: 16-1{c), so that, the coupling point is at the open-circuit end of the. 


resonator, the susceptance, characteristic will have the shape of the heavy 
solid ‘line in Fig. 16-2(a). If all of the resonators of the filter were 
connected ‘in this manner the filter would have pass bands centered around 
the frequencies @), 39. Swy, etc., and there would be infinite attenuation 
at the frequencies @ = 0, Quy, Aw, etc-, where Bi (w) * o,° Now if the con- 
néction’points for the.resonators are moved so that @,, is just slightly 
less than Of Qe then the resonator susceptan-e characteristic will look’ 


like the dashed lines in Fig. 16-2(a). Note that there will stil] be 


PL eed 


The puperscript Fis pntroduced here for reasons discussed in connection with Eqs. (1$-30) 
and (3$-31). 
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FIG. 16-1 


WIDE-STOP-BAND FILTER 
The basic form of the band-pass filter with wide stop bands is shown at (a). At (b) 
the filter is converted to the equivalent form in Fig. 15-5 using inverters os shown 
in Fig. 15-6(a). The circuit from which the resonator function BL (w) is computed 
is shown at (c) 
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FIG. 16-2 


RESONATOR SUSCEPTANCE CHARACTERISTICS FOR THE CIRCUIT 
IN FIG. 16-1(c) WHEN CJ = 0 
The cose of @, = 0 is shown by the solid lines ot (a), while the 
case of = 1/2 is shown at (b) 


nass bands centere| at wy, 34), Sug, ete , bet the frequencies of infinite 
sttennuation adjacent to 3w, will be move! in close to the 3m) pass band; 
the lower frecuency of infinite attenuation oceurs when the short-circuited 
side of the line is Ag 2 long [thus yielding Bila) = ©), and the higher 
frequency of infinite ettenuation occurs when the onen-circuited. end of 
the line is X44 4 long [also yielding Bi(a) = *) If we set O., = O,,/2, 
then the two poles of Kila) adjacent to Sag will wwerge with the zero at 


3ug, leaving anet first-order pole at 35, as shown in Fig. 16-2(b). In 
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this manner the frequency 3u, becomes an infinite attenuation point instead 


of a pass-band center, and the first higher-order pass band will be centered 


at Sag. 


If some of the resonators in the filter-are offset so that a = Osa, 
they will remove the pass band at 3a, as described above; if others of the 
resonators are offset so that 6,, = 0,,/4, they will create an infinite 
attenuation point at Sw, and that pass band will also be eliminated. If 
desired, still other resonators may be offset by such an amount as to sup- 
press the 7w, pass band, etc. In this manner it should be possible to con- 
struct filters free of spurious pass bands up to frequencies that are very 


high compared with w,. 


The resonator capacitance Cc] has the effect of altering the resonant 


frequency @, somewhat, and it also alters the slope of the resonator sus- 


ceptance characteristic. The total resonator susceptance is 
8, w 6, .w , 
be kb J 
Br(a@) = Y, tanf/——]- Y, cot| ———]+ Cla (16-2) 
h 0 a“ 0 @ -— f 
0 0 
where Le is the line characteristic admittance. At Wy where resonance 


occurs, Fq. (16-2) vields 


UM Cla a, (16-3) 
ase = cot @ = Teanng sah 
bh a 
Y, Y, ¥ 
In order to short out the pass bands at Jag, Swy, or Two. Pel? rl. ts aes 
quired that Ce CAVUe® or Go = CPU EY or Ges = Ce A and so on, re- 
spectively, as previously mentioned. [laving related @., and 0,,, one may 


solve Eq. (16-3) for the total electrical length, Gees, O,,. required to 
give resonance in the presence of a given capacitive susceptance BJ. If 


I, is the resonator length, then 


(16-4) 


(A,/4) n/2 
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where Ay is the wavelength in the medium of propagation at the frequency 
iy Figure 16-3 shows a plot of [,/(A,/4) us, Bi/T, for resonators off- 
set to suppress the pass band in the vicinity of 3u5, while Fig 16-4 
shows a similar plot for resonators offset to suppress the pass band in 


the vicinity of Sw). 


As discussed in Chapter 15 of this report, the function 


F(w) = —— ~ (16-5) 
w 
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FIG. 16-3 


CHART FOR DESIGN OF RESONATORS TO SUPPRESS THE SPURIOUS PASS BAND 
IN THE VICINITY CF X05 
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FIG. 16-4 


CHART FOR DESIGN OF RESONATORS TO SUPPRESS THE SPURIOUS PASS BAND 
IN THE VICINITY OF Sag. 
should be a reasonably pood resonator and mapping function approximation 
for desien of filters of the type in Fig. 16-1(a) if the bandwidth is of 
the order of 10 percent or less. Then using Eq. (15-31), the resonator 


constant, O5 of Eq. (15-19) is found to be 


b, 6 


Yo cos?@ 


+ + —— (16-6) 


after normalizing with respect to the characteristic admittance Y,- 
Figure 16-3 shows a plot of bolt. Us, BI/Y, for resonators offset to 
suppress the 3a9 resonance, while Fig. 16-4 shows a similar plot for 


resonators designed to suppress the Sw) Tesonance, 
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B. PROPERTIES OF THE INTERTOR COUPLING 


Let us now consider the design of all of the capacitive couplings ex- 
cept the end couplings. Using the approximate resonator and mapping func- 
tion in Eq. (16-5), wy and the bandwidth factor 6 are given by Eqs. (15-28) 
and (15-29) where a’, a, and @, are corresponding band edge points as shown 
in Figs. 15-1¢a), (b) and discussed in Chapter 15. Then the inverter param- 
elers, Fu pet of the interior couplings are given by Eq. (15-23) where the 
 g, are obtained from the low-pass prototype! and the b, are obtained by 
knowhedge of the junction capacitive susceptance BI and use of Eq. (16-6) 
or the plots in Fig. 16-3 or 16-4. Wowever, before the 6, can be accurately 


evaluated, we must first determine how to evaluate the BY. 


The circuit in Fig. 16-1(b), (c) is of the form of that in Fig. 15-5 
with the admittance inverters realized as shown in Fig. 15-6(a). Each 


interior coupling may be represented as shown in Fig. 16-5 where 


Cc Eaten (16-7) 


is the series coupling capacitance and the C, are the shunt capacitances 

of any series lengths of line between the shunt resonators and the coupling 
capacitance. The capacitors ~ CL pes shown with dotted lines are introduced 
to form the admittance inverter and, in turn, the positive shunt Cy ae 
capacitors are added outside of the admittance inverter box in order to keep 


the total net shunt capacitance as it should be. These positive shunt 


Jan or? Wo Cu nes 
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FIG. 16-5 


DEFINITION OF PARAMETERS ASSOCIATED WITH THE 
WIDE-STOP-BAND FILTER COUPLINGS 
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CL ie capacitances are essential in order to properly represent the in- 
fluence of the capacitive couplings on the resonant frequency of the res- 
onator. Thus the total shunt capacitance presented to eachof the adjacent 
resonators by a coupling capacitor and its connecting lines is indicated - 
by Cie an Then the total shunt capacitanee across the kth resonator as 
shown in Fig. 16-1l(c) is : 


(16-8) 


J a 8 ‘ + 7s 
Cy epee rc Pies ea : 
which offers a shunt suscentance 
BI oe Gta (16-9) 


llr eee 


The Capacitor C* is a junction capacitance which comes from the equivalent 
circuit for the transmission line junction itself. By Chapter ll of this 
report it is seen that for strip transmission line, three-line T-junctions 
this shunt capacitance is often negative, This would probably also be 
true for a strip transmission line “plus junctions” such as would be re- 
quired when constructing the filter in Fie. 16-1(a) in strip transmission 


line .form. 


C. PROPERTIES OF THE END COUPLINGS 


The end couplings in Fig. 16-1(b) pose a special problem since they 
cannot be represented directly by impedance inverters. Jn the case of the 
interior couplings, the shunt capacitances C, ,,, shown in Fig. 16-5 are 
absorbed into the adjacent resonators where they take part in the resonator 
function. However, the end sections are connected to resistive terminations 
and the shunt capacitance on the termination side cannot be absorbed in this 


way. 


Looking from Resonator 1] toward the left in Fig. 16-1(b), the admit- 


tance seen is 


1 (Bo, /G,) JBo, 
fig : : - (16-10) 
1 1 B..\2 B..\2 
rete frcsr A a (fo We pe 
01 i 
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Looking from Resonator 1 to the left in Fig. 15-5 we see the purely real 
admittance 


2 
Joy 


yy! = eS (16-11) 
G, 


Equating the real part of Fq. (16-10) 26 (16-11) and solving for By, 
gives 


(16-12) 


The imaginary part of Eq. (16-10) is a capacitive susceptance which 
must be included as part of the resonator. For the input coupling we must 


therefore replace Cy, by a new capacitance 


Coy 
Ci, = C, + ————— (16-13) 
B 2 
: 0) 
ne an 
G 


where C, is the shunt capacitance of any length of line between Resonator 1 
and the input coupling capacitor C,,, and the second term is the capacitance 
corresponding to the susceptive part of Eq. (16-10) where C,, is obtained 

by Eq. (16-12). Then analogously to Eq. (16-8), the total shunt capaci- 


tance across Resonator ] is 


Ch G+ ce + Gi, (16-14) 


where C* and Ci, are as defined in the discussion of the interior couplings. 


In like manner, for an n-resonator filter, the last coupling suscep- 


tance is 


n,ntl wpl, net 2 (16-15) 
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C, n+l 
cf Heat pat . (16-16) 
a,nr l , 2 
ee 
ae 
G 
and the capacitance across the nth resonator is 
Saber lad eee zee 2 (16-17) 
rn,ne) os n 


G DESIGN USING BAR TRANSMISSION LINE CONSTRUCTION 


The wide-stop-band filters under construction. can be built using any 
of a variety of different types of construction Figure [6-6 shows one 


possible kind of strip transmission line construction in wiich the center 


79 
y 
Se, Ny, pup 
Ag 
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FIG. 16-6 
A BAR TRANSMISSION LINE CONSTRUCTION FOR THE FILTER IN FIG. 16-1(a) 


conductor is a rectangular metal bar. The coupling capacitors Ck ok 
Fig. 16-1(a) are realized by the capacitance between the coupling tabs 
which protrude at right angles to each resonator. For the case shown in 
the figure, the ground plane spacing is 0.312-inch; and the resonator, 

the input line, and the output line are all 0.184- by 0.125-inch bars, 
which gives them a characteristic impedance of 50 ohms when air dielectric 
is used. The resonator bars are supported and short-circuited at one end 
by metal supporting and clamping blocks. The recessed screws marked A are 
used to clamp the two halves of the shorting blocks together at the proper 
location on the resonator bar. After a pair of shorting blocks has been 
clamped to a resonator bar at the proper spot, the resonator is positioned 
and fastened to the lower ground plane by use of the screws marked B. 
After all of the resonators have been located on the lower ground plane, 
the upper ground plane is laid on and nuts are put on the screws marked B 
to press the upper ground to the shorting blocks. Note that the upper and 
lower sides of the shortine blocks have been recessed slightly to create 
high contact pressure at the inner edge of the shorting blocks. Design 
data have been prepared for this type of construction to simplify the work 


of applying the preceding theory. 


By using approximations similar to those used for thick strips in 


Ref. 2, the series-coupling capacitance C, 44, and shunt capacitance 
, 


Oe for various coupling tab spacings were estimated, These capacitances 


k,bhel 
are plotted in Figs. 16-7(a) and 16-7(b). The ground plane spacing and 


the bar and coupling tab dimensions are to be taken as in Figs. 16-6 and 
16-7(a). As is the case for T-junctions,? there are definite reference 


planes in a‘'plus junction” at which short circuits will block all trans- 
mission. From measurements made on a two-resonator design, it is estimated 
that the proper points from which to measure the distances U, and i in 
Fig. 16-3 and 16-4 are about 0.010-inch from the centerline of the coupling 
tabs, as indicated in Fig. 16-8. In calculating the shunt capacitances 

8 ra 
Casi 
capacitance C, was taken as the edge of the resonator bar. Measurements 


in Fig. 16-7(b) the reference plane for computing the tab line 


made on trial filter designs suggest that the plus-junction capacitance 

C* should be about —0.10 puf. Also, calculations and measurements indi- 
cate that the open-circuit end of each resonator bar should be shortened 
by about 0.055-inch to account for the fringing capacitance from the: 
open-circuited end. The 0.010-inch reference plane displacement value, 
the value for C*, and the 0.055-inch correction for resonator end fringing 
capacitance are all approximate values. Wowever, if tuning screws are 


used, these values should be close enough. 
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CHARTS OF ESTIMATED VALUES OF THE CAPACITANCES ASSOCIATED WITH THE 
COUPLINGS FOR THE CONSTRUCTION IN FIG. 16-6 
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FIG. 16-8 
DEFINITION OF THE JUNCTION REFERENCE PLANES 
FOR THE CONSTRUCTION IN FIG. 16-6 


The design process begins by calculating 5 and ag by Eqs. (15-28) 
and (15-29). Then using Fq. (15-27) in (15-20), the attenuation charac- 


teristic of the low-pass prototype can be related to the expected atten- 


uation characteristic for the band-pass filter. With the aid of Eq. (15-20) 


of this report, and Fig. 2-2 of Bef. 4 or the attenuation charts in Ref. 5, 


one can quickly estimate how many resonators will be required to give a 
required rate of cut-off for a given tvpe of transmission characteristic 
(t.e., maximally flat, Tchebyscheff, etc.).* Then the prototype element 


values [see Fig. 15-2(a)] may be obtained from the tables in Ref. 1 or 6. 


Accurate design of a filter of this type requires some iteration in 


the calculations. This is because the values of the inverter parameters 


*The frequency scale of the plots in Ref. S are normalized to the frequencies of the 3-db points while the 


Tchchyacheff prototype filters in Refs, 1 end 6 are normalized with respect to their equal-ripple bend- 
edge points. This should be taken into account when uning the charta in Ref, § with the prototypes froe 


Refa. J or 6. 
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re be are influenced Se the values of the resonator rarameters ‘by which 
are in turn influenced by the capacitance C/, which is influenced be the 


value of J In the examples tried, the calculations converged with 


kh, hot’ 
only a few iterations. Since the couplings in the middle of the filter 
have the smallest values of CL ao, and the resonators thus have smaller 
Ci, the avdate resonators are Seeeea least by their CSN Because of 
this it is best to start with the middle couplings first. Equation (15-23) 


maybe exsressed' in. a form more convenient for iterative calculations, t.e., 


ewe (16-18) 
Y, 
where 
; 1 
Ie ae te eee (16-19) 
Relate 


The procedure is then to first compute d estimate values for BU/Y, 


Ue pe oe ee 
and Bo el for the resonators adjacent to the coupling in question. 

Then trial values for b, and b.;, are obtained from Fig. 16-3 or 16-4. 
Nextag els is obtained by Eq. (16-18), and by Eq. (16-7) and the 

fact that Y, = 0.020 (for the construction in Fig 16-6), a trial coupling 
capacitance value Cea) is obtained. By Fig. 16-7(a) the trial coupling 
dimensions are obtained: using these coupling dimensions, trial values for 
Ch and Cis, are obtained from Fig 16-7(b). Next an improved value for 

Be ols De, is obtained by use of Eqs (16-8) and (16-9). If this deviates 
appreciably from the original estimate for Bi, the calculation should be 
repeated. As these. calculations are carricd out for the adjacent couplings, 
the b} may have to be revised slightly again since the coupling capacitance 
and, hence, the Ci vary from resonator to resonator. Fortunately, however, 
the effect of the Bi on the coupling capacitances Cy gay Should usually be 
relatively small so that the calculations converge to ities. values 


rapidly. 


If the terminations are equal (as in Fig. 16-6), then G, = G «» } 


and Eqs. (15-21) and (15-22) may be written in the form 


e 


When starting calculations for the middle resonator (or resonators), let AI/Y, = By, y/¥ ee 
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J | (16-20) 


01 1 
Sear eal | is sncas 
Yo i: Yo 
and: 
J 6 
a,nrl a 
Y eS ae Aa Pky : 3 (16-21) 
0 4 Y, 
where 
1 : 
fo) ae ‘ (16-22) 
vdg, 
and 
S 
Satta <4 Ey Sg (16-23) 


Using these equations and Eqs. (16-12) and (16-15) the calculations of 


Bi and B/ for the end resonators are much the same as for the other reso- 


nators. But in this case Fig. 16-7(b) cannot be used directly, since 
Csi andCe a4, in Eqs. (16-14) and (16-17) are given by Eqs. (16-13) 
and (16-16). Figure 16-7(b) can be used, however, if we write: 


Eqs. (16-14) and (16-17) in the forms 


Gee tale) Bi osns aie (16-24) 
(*2) 
G, 
and 
ust , 
. PEE G, 
SC ee oe SECTANL OC! are (16-25) 


A first-order approximation for the negative terms should suffice. 


247 


laving established compatible values of Cyne, and BJ throughout the 
filter, the theoretical lengths of the resonators as compared with a 
quarter wavelength are obtained from Figs. 16-3 and 16-4, or Eq. (16-3) 
In computing the actual} lengths of the bars, the end fringing canacitances 
ant the junction reference planes should be taken into account as nreviously 


mentioned. 


3 RESULTS OF SOME TRIAL DESIGNS 


A two-resonator filter designed for a five percent bandwidth centered 


at 1 kMc was built in the construction shown in Fig. 16-6. -This filter 
was designed to stop the spurious response that would normally occur at 
S-band. Without tuning screws it had a very narrow pass band at 3.8 kMc 
because the open- and short-circuited sides of the resonators produced 
short-circuits at the coupling: tabs at slightly different frequencies 
[this creates the Situation discussed in connection with the dashed lines 
in Fig. 16-2(a)). At the frequency of the spurious pass band which a 
given resonator is to Suppress, there will be a point of high voltage at 
the open-circuited end of the resonator and one or more additional points 
of high voltage between the coupling-tab yunetion and the short-circuited 
endl of the resonator If pairs. of tuning screws are placed through the 
cover slates at the onen:cireuited end of the resonator and also at one 

7 te bapghivoltage points between the Junction and the short circuit 

(see Fig 1624) i thea becomes possible to tune for “ balance’ between 
the electrical lengths of the open- and short-circuited sides of the 
resonator in order to ensure suppression of the spurious pass band. It is 
also desirable to then add a third pair of screws through the cover plates 
above and below the Junction of the resonator bar and the coupling tabs. 
These latter screws are used to tune the resonator accurately to the desired 
pass-band frequency after the “balance” screws have been adjusted to sun- 
press the higher spurious pass band By this technique, the pass band at 
3.8 kMe of the two-rcsonatar filter was eliminated and the filter had a 
stop band up to around 5 kMc where there was another pass band, as was 


expected for this filter. 


The two-resonator filter was used to obtain. estimates of the junction 
reference planes and capacitance C* discussed in connection with Fig. 16-8, 
and also to obtain check information on the coupling capacitance computa- 
tions. Next a four-resonator filter was constructed as shown in Fig. 16-9 


and photographed in Fig. 16-10. This filter was designed to have a 
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FIG. 16-10 
PHOTOGRAPH OF THE FILTER WHOSE DIMENSIONS ARE GIVEN IN FIG. 16-9 
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3.80° 


nee eee eee 


The center frequency turned out to be a little low, 


idwidth of 5 percent centered at.- 


0.5-db Tchebyscheff ripple with a bar 
using Fig. 16-3, to 


1100 Me The two center resonators were designed, 


Suppress the spurious pass band in the vicinity of 3w9, the two end ‘reso- 


nators were designed with the aid of Fig. 16-4 to suppress the Say spu- 


rious pass band. The resonators were synchronously tuned at the primary 


pass-band frequency by use of Dishal’s tuning procedure, ? 
The measured pass-band response of the filter is shown in Fig. 16-}1, 
however, this could be 


easily corrected by shortening the resonator bars by an amount computed 
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THE MEASURED RESPONSE OF THE FILTER IN FIG, 16-10 
IN THE VICINITY OF THE PASS BAND 

The solid line is the measured response while the x's 

represent attenuation values mapped from the low-pass 

Prototype with the low-pass to bond-pass transformation 
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from the error in the band center frequency. The crosses in Fig. 16-11 
are points calculated from the attenuation characteristic of the lossless, 
low-pass prototype by use of the rapping defined by Eq. (15-20) and 

Eqs. (15-27) to (15-29) with @g set to the measured band center. It is 
seen that the measured attenuation characteristic is close to the theoret- 
ical, though a little narrower. If Uetered: the bandwidth could be in- 
creased to exactly the desired amount by decreasing the gap spacing, y, of 
the resonators [see Fig. 16-7(a)]. The amount that the gans should be 
altered can be estimated by inserting the measured band edge frequencies 
in Eq. (15-28) to obtain a measured value of 6. Then, linowing the meas- 
ured 8 one can estimate the required change in gap snacing to give the 
desired value of 5 by use of Eqs. (16-18), (16-19), and. (16-7), and 

Fig. 16-7(a). 

Figure 16-12 shows the stop-band characteristics of this filter. It 
had been expected that this filter would have no spurious pass bands up to 
around 7 kMc; however, as ches li pure shows, the $-kMe spurious nass band 
is present. This pass band was practically unaffected by the tuning screws 
on end resonators even if the screws were nearly touching the resonator 
bars (the end resonators were the ones which were to suppress this band). 
Probing the fields did not reveal higher order modes. Some study of this 
phenomenon indicates that with the large coupling capacitances on the in- 
put and output sides of the end resonators, their coupling tabs: can become 
resonant in a manner similar to a half-wavelength, capacitively coupled. 
resonator. Annarently because of this resonance, the pass-band sun>oression 


effect of the end resonators was destroyed. 


The nass band in the vicinity of 5 ke could very probably be removed 
by redesigning the input and output ceuplings so that the inout and output 


lines are capacitively coupled directly to the side of the end resonator 


bars without the use of end coupling tabs. AlJso, this problem would orob- 


ably have been avoided if the end resonators had been made to sunnress the 
spurious nass band around 3) while the middle resonators were made to 
suppress the pass band around Sey. Then the coupling tabs on the resonators 
which were to suppress the Sw) band would have had relatively light coupling 
and »robably would not have become resonant in the vicinity of Sw, (note 


that the end couplings in Fig. 16-9 are much tighter than the other 


couplings). 


——-+ 


° o2, : , ; 5 ‘ F 
The eatimated value for € given in the preceding discussion contains a correction from the 


value used in the design discussed above. Filters designed with this improved value for C* 
should have a relatively higher mid-band frequency. 1 
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FIG. 16-12 
THE STOP-BAND RESPONSE OF THE FILTER IN FIG. 16-10 


‘Tthovch balance tuning screws were included in the design of this 
filter, they were rot expected to oreve necessary because, if two of the 
resonators develoned a very narrow Spurious resonance, a >ass band would 
ratube ‘litely: to occtir since the other. sair of resonators would not have 
tle sare frequency for their spurious resonance. Preliminary tests re- 
ve-led no 3@9 sourious band (as was expected from the above reasoning) 
anl tre balance tunine. screws were not used. i'owever, after all of the 
measurerents were nearly completed, the dip in attenuation near 3.8 kile 
wes noticed. If time had been available to repeat the tuning procedure 
end the reasurerents, this din could probably have been raised by ad- 
Justinz the balance tuning screws on Resonators 2 and 3 (lesigned to 


su- ress tie 3a) ssurions »ass band). 


rps 
2 : 
Adjusting the balance tuning screws will alter the pass-band tuning, although the pass -band 


tuning screws will not affect the balance tuning (see Fig, 16-6). The balance screws should 
always be adjusted before the filter is tuned at the pass-band center frequency. 
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CHAPTER 17 


A METHOD FOR DESIGNING WIDE-PASS-BAND, 
MICROWAVE FILTERS FROM LUMPED-ELEMENTS PROTOTYPES 


A. GENERAL 


In. this chapter many of the concepts discussed in Chapter 15 will be 
used, but in a quite different way than they were for the narrow or mod- 
erate bandwidth theory utilized for the filter treated in Chapter 16. In 
that case the coupling element values were obtained from low-pass prototype 
element values along with bandpass resonator parameters evaluated at the 
mid-band frequency [see Eqs. (15-30) and (15-31)]). In the wide-pass-band 
design method about to be discussed, parameters of the wideband microwave 
filter will be fixed at a band-edge frequency as well as at the mid- band 
frequency. Also, the wideband method to be described wiil focus on the 
image parameters of the various sections of the prototype and band-pass 


filters rather than upon resonators and couplings. 


B.. A MODIFIED LOW-PASS PROTOTYPE AND ITS BANDPASS EQUIVALENT 


Although the design point of view to be described can be adapted for 
designing filters whose individual sections are not symmetrical, the ex- 
ample to be considered will consist of symmetrical sections. Because of 
this it will be desirable to define the low-pass prototype as consisting 
of symmetrical sections also. By reasoning similar to that used by Cohn’ 
in going from the circuit in Fig. 15-2(b) to that in Figs 15-2(c), 1¢ is 
possible to convert the prototype circuit in Fig. 15-2(a) of this report 
to that in Fig. 17-1. The values of the inductances L,, are arbitrary. 
The impedance inverters are considered to be ideal and are introduced only 
as an aid to mathematical reasoning. The impedance-inverter parameters 
2,3 


in Fig. 17-1 are related to the element values” g, and r of the circuit in 


Fig. 15-2(a) by 


(17-1) | 


ed 
UREN 


e 
To this criter’s knowledge it is impossible to build an impedance inverter that will operate 
down to DC. : 
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Ra-2926-18-051 


FIG. 7-1 


THE LOW-PASS PROTOTYPE IN FIG. .15-2(a) MODIFIED 
TO INCLUDE IMPEDANCE INVERTERS 


kK - (17-2) 


| aaa | 


and 


k i : Maree (17-3) 


n,n} 


There will be situations where one would want to do this differently; 
however, for the purposes of the example to be considered it will be con- 


venient to set 


R, ae 
L, > Seas ‘i a? : (17-4) 
any ay 


and split each coil in half to give symmetrical sections as shown. in 


Fig. 2-2. Then Fas. (17<1)-to (17-3). become 


R, : ; 
eee (17-5) 
x byw! 
R, : 
Kyat (17-6) 


————— Pe 


Note that in Fig. 15-2(a) it is assumed thai r = J for a odd. Thin will be true for loasless Tchebyscheff 
or maximally flat filters which have zero reflection at one or more pans-band frequencies. Element values 
for such filters can be obtained from Chapter 13. If the formulas in this discussion ere to be used for a 
circuit where m is odd but r 71, then r should be replaced by 1/r in the following equations for the ins, 
verter parameters, ‘ 
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If the lossless prototype circuit in Fig. 15-2(a) is for a Tchebyscheff 
or maximally flat filter of the usual sort, where the pass band has one 
or more frequencies with perfect transmission, then the circuit in 
Fig. 17-2 will necessarily be symmetrical. For convenience, we shall 


assume that this is the case. 


Le le Le Le Le 
2 z z z 2 
Kia Re 
Ve 
Siz $35 $iinot 
a a 
l, ° R,/w, tf R,/w, . M4-2386-TC-198 
FIG. 17-2 


THE LOW-PASS PROTOTYPE USED FOR THE WIDE-PASS-BAND FILTER 
EXAMPLE DISCUSSED HEREIN 


The image impedance of sections Si. to Seen Fig. 17-2 is given by 


Zhe (od 3 (17-8) 
where w’ is the frequency variable of the prototype and 
- a 2K 
h, aol 
Ry 


See footnote on preceding page. 
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— ——— 


is the cut-off frequency of section Ss) n4y° in like manner the image 


. q a i 4 =a 
attenuation 4, ,,, and , ,,, for section Syoney are: given by 
Seed ee . 
(17-10) 
aw’ n 
B = sin”! . 
er | Q 2 
bh, b+) 
when 
’ < 
et hav Ey (3 
and 
4 
@, ae, * cosh Q 
bh, kel 
(17-11) 
i AY Bee 
oe 
when 
’ > : 
Set 6 | 


The t 7,2 phase terms appear because the impedance inverters necessarily 
introduce t 7,2 phase. For the purposes of this paper, either sign is 


chosen as may be appropriate with regard to a given microwave structure. 


The end sections 344 and sr ey in Fig. 17-2 cannot be treated con- 
veniently from the image point of view,. but by joining them together as 
shown in Fig. 17-3 their basic properties can be determined onthe insertion-. 
loss basis. Since the transmission circuit in Fig. 17-3 is lossless and 
Symmetrical, its attenuation may be determined from the mid-section im- 


’ ome = - 4 
pedance r, + jx) by the relation 


2 
eveal “4 : w' RY 
P = 1 + Cake te 2 1 + CHR 2 (17-12) 
re OKs | 
ANS ; 
z 1 + (17-13) 
Qo, 
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FIG. 17-3 
ARRANGEMENT FOR FIXING THE PARAMETERS OF THE 


PROTOTYPE END SECTIONS 
where 


a 2K 4 wy Ke ay (17-14) 


01 a,arl R? R? 


is the 3-db-down frequency of the end sections as connected in Fig. 17-3. 


It will usually be desirable to represent the bandpass form of the 


circuit in Fig. 17-2 with the aid of a frequency transformation 


: SF (w) (17-15) 


iw s 


such as was described in Chapter 15. Then the equivalent circuit takes 


the form shown in Fig. 17-4 where it is convenient to define X, so that 


So. 
Q8-2928-75-194 


FIG, 17-4 
A BAND-PASS FILTER MODEL DERIVED FROM THE PROTOTYPE IN FIG. 17-2 
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Xo. =. boas Lb oF (a) = wt mame WES \)) 


With this definition for Ay, the inverter parameters K, ea] will be the 
same for both the low-pass prototype in Fig. 17-2 and its bandpass equiv- 


alent in Fig. 17-4. 


The dual forms of the circuits in Figs. 17-1] to 17-4 should also be 
useful in some situations, and they may be obtained directly by applying 


duality to the results of this section. 


C THE GENERAL BASIS FOR THIS WIDEBAND DESIGN PROCEDURE 


Ordinarily when designing a wide-pass:band microwave filter on the 
image basis, the filter is constructed from a number of identical, sym- 
metrical sections with some modified sections at the ends of the filter 
in order to improve the match between the filter image impedance and the 
terminations. This design approach usually gives reasonably good results 
if the design specifications are not too strict, but it is often very 


difficult to produce a nearly optimum design by such methods. 


The prototype equivalent circuit in Fig. 17-2 (and its dual) is help- 
ful for wideband microwave filter design in that it provides a guide for 
precision design of filters consisting of symmetrical sections. If the 
circuit in Fig. 17-2 is a maximally flat or Tchebyscheff prototype, the 
image cut-off frequencies Q, er and the zero-frequency image impedances 
Zr 1030) will be found to vary from section to section as is illustrated 
by examples in Table 17-1. Note that the image cut-off frequency of the 
individual sections often extends considerably beyond the cut-off frequency 
of the over-all filter, t.e., beyond wy = 1. Also note that the zero- 
frequency image impedances are generally considerably smaller then the. 
termination impedances R, = Ry = 1, and that they vary from section to 
section. The basic wideband design approach is then to design the sym- 
metrical sections of the bandpass filter so that the image properties of 
the sections will vary from one part of the filter to another in the same 
manner as the image properties vary from section to section in the proto- 
type. In the case of the end sections of the microwave filter, they are 
connected together and designed using the prototype end sections connected 
as in Fig. 17-3 as a puide for design. A recommended procedure for quan- 
titatively relating the microwave filter sections to those of the proto- 


type will now be discussed. 
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Table 17-1 


IMAGE PARAMETERS OF LOW-PASS MAXIMALLY FLAT AND TCHEBYSCHEFF FILTERS 


OF FORM IN FIG. 17-2 WITH na = 9 REACTIVE ELEMENTS AND Ry es Ry =}, 


Filter 
equal-ripple 
band ,edge 


at w = 1 


Saas a 
equal-ripple 
band ay 


ata = 1 


* 4. ab point for end sections connected es in Fig. 17-3. Other N res) 
for h = 1 ton - 1 are the image cut-off frequencies for the interior 


sections. 


D. CUANTITATIVE RELATIONS BETWEEN PROTOTYPE AND MICROWAVE 
FILTER SECTIONS 


1. THe MappiING FUNCTION 


The low-pass to bandpass mapping function should be selected using 
the principles discussed in Chapter 15. As far as is practical, all fre- 
quencies of infinite attenuation which are close to the primary pass band 
should be accounted for in the selection of the mapping function. If there 
is a secondary pass band close to the primary pass band, it is well to 


account for this also (see example in Section FE). In the wideband 
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design procedure under consideration, the mapping function will not be 

used directly for calculation of circuit element values but. rather: for 
predicting the number of sections’ which will be required to give a given 
rate of attenuation, and for predicting the relation between the cut-off 


frequencies w, and a, and the “midband"’ frequency a, (see Fig. 19-1)" 


The design equations for the individual sections will consist of constraint 


equations established at the mid-band frequency w@ and either one of the 


band-edge frequencies @, > @). 


2.. THe ENb SECTIONS 


Let us suppose that it has been decided to establish the design con- 


straints at the midband frequency «, and the lower band edge frequency wy. 


0 
The frequencies correspond to w’ = 0 and Be respectively, for the low-. 
pass prototype in Figs. 17-2 and 17-3. At w’ = 0 the mid-plane impedance 


in Fig. 17-3 is 


Koy 
2°(0) = —— (17-17) 
R 
L 
while at eT Oe -1 this ampedance 1s 
5 Az wd 
: a4 Ly sa ; : ‘ ; 
Ua Sars oh Bee my elt} : See i IX: (17-18) 


By Eq. (17-12) we see that the attenuation of the circuit in Fig. 17-3 


’ 


at — w, is fixed if the ratio x9, rey is fixed. By Eqs. (17-4) and (17-18) 


x! atte 
Bry rn (17-19) 
ae OK2 

ne eg 


The corresponding bandpass microwave circuit is shown in-Fig. 17-5 
with unprimed symbols. At the lower band-edge frequency w, the identical 


sections S,,. and S 
01 a 


. 


n+} are constrained to satisfy the condition 


° Wy is the bendpeass mapping of w' = 0 for the prototype. It is generally loceted to one side 
of the mid-point between ay and w). Be 
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FIG. 17-5 


ARRANGEMENT FOR DETERMINING THE PARAMETERS OF THE 
MICROWAVE FILTER END SECTIONS 


2 
- Ry 


: (17-20) 
ii ft 2K}, 


ww ‘wi seus 
1 . i 


At the mid-band frequency “. the bandpass end sections are constrained so 


that 
pias) * purely real. | (17-21) 


The design of the microwave filter is conveniently carried out in normal- 
ized form, and it is desirable to apply an additional constraint on the 


normalized z (w) impedance in Fig. 17-5 so that 
“2 (we) = 20) As (17 -22a) 


where the primed quantities are for the prototype and the unprimed are for 
the microwave filter. For cases (such as in the example to follow where 
Ze = R, is specified) it will not be possible to satisfy Eq. (17-228) 
along with Eqs. (17-20) and (17-21). In such cases Eq. (i7-22a) is re- 
placed by simply changing the impedance scale of all of the interior sec- 


tions of the filter by the factor 


s = (Impedance scale factor) = 7777 (17-22b) 
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!.e., we take the end section impedance level z,(#,) as it comes, and adjust 
the rest of the filter to correspond. This will change the image impedance 
levels of the interior sections, but the ratios of impedance levels between 
the different interior sections and the ratios of impedance levels between 


the interior sections and the end sections will remain the same. 


3. THe INTERIOR SECTIONS 


Figure 17-6 shows one of the lossless, symmetrical, interior sections 
° ; - T ; : 
having an image impedance 2,54, te) and a pass-band image phase By yess 
Since the section is lossless, the pass-band image attenuation is zero. 


At the band-edge frequency, a@,, the constraint is applied that 


Dg Bee haga) bas (17-23) 


where Zi .,,(w') is the prototype image impedance from Eq. (17-8), and s 

is theyscale factor from.bq, (17-296), ‘Examination of the examples in 
Table 17-1 will show that if «#, 1s the lower equal-ripple band edge of a 
Tchebyscheff filter as in Fig. 1S~1(b),°-or Vs the Tower 32dbh point of a_ 
maximally flat filter, then Ae ae ps = at) for the corresponding prototype 
will always be real and positive. (Note in the examples in Table 17-1 that 
the image cut-offs of the; interior sections always go beyond the cut-off 


frequency for the over-all filter.) 


\t the midband frequency, ag, the constraint 


(17-24) 


EEE) ine pied Saale 1% 


MO-2576-78-196 


FIG. 17-6 


A SYMMETRICAL, LOSSLESS, MICROWAVE FILTER 
SECTION S, . ,, WITH IMAGE PARAMETERS AS 
DISCUSSED IN THE TEXT 
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=e) 
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-is applied and also the constraint 


a 
Bye gay = [odd multiple of = (17-25) 
ww 2 
0 
where Beedsy is the image phase of interior section 5, pik The last con- 


straint equation follows from the fact that the interior sections of the 
prototype in Fig. 17-2 have + 1/2 image phase shift at w' = 0 because of 
the inverters Ky ogen: It should be possible to satisfy Eqs. (17-23) to 
(17-25) simultaneously. 


—. A DESIGN EXAMPLE > 


As an example to test this procedure, the design method just described 
was applied to the filter structure shown in Fig. 17-7. The low-pass pro- 
totype [see Fig. 15-2(a)) had n = 6 reactive elements which when converted 
to the form in Fig. 17-2 give five internal sections plus the two end 
sections. The prototype filter had 0.1-db Tchebyscheff pass-band ripple 


which corresponds to the element values: 


gy =. 1.1681 Beou 1.9029 
= 1.4039 «= 0.8618 
82 8s (17-26) 
B; zs 2.0562 r= 0.7378 
Bias 1.5170 Pe O'1) 


where the g, and r are as sndicated in Fig. 15-2(a), and w, is the equal- 


ripple band edge as Gudicated in Fig. 15-1(a);” 


8-29TV-TS-167 


FIG. 17-7 
A FILTER STRUCTURE SUITABLE FOR “HIGH-PASS” MICROWAVE FILTER APPLICATIONS 


In order to predict the relation between Wy, “,, and a, and to pre- 
dict the rate of cut-off for the filter, a mapping function was selected 
using the principles discussed in Chapter 15. Note that the filter in 
Fig. 17-7 consists of sections of transmission line coupled by series 
capacitors. At low frequencies the attenuation can be accounted for by 
a single capacitor.equivalent to the seven capacitors shown connected in 
series, since for very low frequencies the effect of the transmission 
lines will be negligible. Thus it is seen that this circuit. will have a 
first-order pole of attenuation at w = 0. Wideband filters of the type 
shown in Fig. 17-7 are band-pass in nature, but are used mainly as high- 
pass filters since the attenuation in their upper stop band is very weak. 
Generally, the first spurious pass band will be centered around 2.5 times 
the center frequency of the first pass band if the first pass band has 


w,/a, = 2. On this basis it was decided to try the mapping 


: iw q@ 
(-1)(— - ll] - 2.5 
aa) at 


(17-27) 
G@ 
tiv 


be 


The (lava) - 1) factor maps ~' © G te tne orimary pass-hanad center at 

“wg. while the ((4/45) - 2 5) factor accounts for the closely adyacent 
spurious pass band centered near aw «© 2 § wwgs Hv Ry. (17-1lo* and the 
approxamate band-pass model ain Fig 17-3 1t is seen the F(x) in Eq t17-27) 
must have a one-sixth order pole at a@ = 0 if the over-all transfer function of 


the network with nm = 6 reactances X, is to have first-order pole of attenua- 


‘tion for a = 0. The (-1) multiplier was included so that F(w) would sat-. 


isfy Eq. (15-12). 


Comparison of the computed results of trial designs with the theoret- 
ical attenuation predicted by mapping the attenuation characteristic of 
the low-pass prototype using Eq. (17-27) showed that the F(w) in 
Eq. (17-27) has too steep a slope for w ~ 0 even with its pole at the 
origin reduced to one-sixth order. It was decided that the excessive 
error might be the result of extra slope created by the numerator factors. 


For this reason the mapping 
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nw 
ok 1) COS sass 4 
ie = 
CaS BRAS 2 Me ee (17-28) 


. ty 
& —=> 
“Ho 


was tried, since the cosine function in the numerator would not contribute 
any slope to the function when w becomes small, and since it also roughly 
accounts for the higher pass band. It was found that this mapping function 
will predict the rate of cut-off for the filter with good accuracy. For 
the general case where the prototype has " reactive elements Eq. (17-28) 


becomes 


8{-1) tr @ 
coal a 


Ch nes (17-29) 
ree 
n w, 
Dsiks Eq. (15-12) we note that 
Flw,) = Fle) (17-30) 


Because a bandwidth ratio in excess of w/e, = 2 was desired, a plot was 
made of F(w) vs. w/w, from which values of w, and w, which satisfy 

Eq. (17-30) could be readily selected. From this plot, the values 

Gy ,wy = 0.656 and w, 'w, = 1.397 were found to satisfy Eq. (17-30) and 
have about the desired ratio, i.¢., w,/@, = 2.1. Using Fq. (15-12) and 
the fact that wy = 1 for the given prototype, the bandwidth factor 5 was 
computed to be 1.810. In this manner the mapping function Eq. (17-28) 


was completely specified. 


The protot:pe in Fig. 15-2(a) is converted to the form in Fig. 17-2 
with the aid of Eqs. (17-5) to (17-7). Letting R, = 1 for the normalized 


design we obtain 


Koy = Kgq. 400-9282 
K K = 0.780 
12 s6 aes (17-31) 
Kipe = Kj, 2) 05886 
Kk, = 0.5662 
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while L, = 1. For convenience Ry in Fig. 17-7 is normalized to be the 


same as in the prototyne in Fig. 17-2. 


Figure 17-8 shows the left end section S,, for the filter in 
Fig. 17-7, which is identical with the right end section S,,- It is con- 


venient to set the line characteristic impedance 


ze, = R, (17-32) 
Also we can set 
had 
X., 8 Yi (17-33) 
@ 
and 
a: 
ae Po, a (17-34) 


where be and 6,, are, respectively, the coupling reactance and the elec- 
trical line length, while Yo, and %o1 are their values at te. Calculating 
the input impedance for the circuit in Fig. 17-8 and forming x ,/r,, we 


find that Eq. (17-20) for this particular structure takes the form 


We Yor We wy @, 
peer fs Se) CON iD ae ewe 2 alias 
-Rt (2 =) , aR, (74) of “D sdk $1 @ 


(17-35) 
2K? 
Having specified Z°, by Fq. (17-32), the constraint condition in 
Fq. (17-21) requires that 
lye tan?¢,, 
Tey SA eee ey 
tan ¢,, wea» 
(17-36) 


+ -2hy cot (7 - 2¢5,)- 


Naving the values a = 1, R, » 1, Ky, = 0.9252, and w/w, = 0.656, the 
only unknowns in Eqs. (17-35) and (17-36) are Yo, and ¢,,. Simultaneous 
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Ra-2920-1O-190 


; FIG. 17-8 
DEFINITION OF PARAMETERS FOR THE END SECTIONS IN FIG. 17-7 


solution with a computer gave ¥),; = ~0.5216 ohms and $y, * 0.9129 radian 


The scale factor in Eq. (17-22b) is found to be in this case 


R cotz¢ 
AUER nal eR BRS ALE, (17-37) 
(Ky, 7 /R, 


which in this case turns out to be s = 0.6974, 


For the interior sections (Fig. 17-9) the constraint Fq. (17-23) be- 


comes for this case 


re 3 Ss ¢ z + hae SEEN 
bebe cotl Fy aan wy cot CF, aa ay cot wo, 
(17-38) 
. Shi nor! rida le 
while the constraint Fq. (17-24) becomes 
eee) tet Pec av ye stores ee WO tes (17-39) 


In this case the constraint Eq. (17-25) is satisfied by enforcing 


RT 
e 
Graphicel nolution is not difficult. A plot of Yq, ¥ $y, 3° meade from Eq. (417-35). Then 
corresponding values of Yor and bo) ere substituted in the right side of Fq. (17-34) to 


obtein a solution, 
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: car AN = -40 
Teh t have cist wF we Zu see tan Py, ye) 


Dividing Eq. (17-38) by (17-39) gives 


al a o [cot (1-29, a 
(cot Tae - cot Pe ogey ies cot Pr inet = + cot rere OTE 
: “9 . 1/9 
21 ae) 
haa: (17-41) 
AA! ‘ 


The right side of this equation is evaluated using Eqs. (17-8), (17-9), 
and (17-26) for the prototype filter. Shen iw) /u) - 0.056 is specified, 
the only remaining unknown in Eq. (L7-41) is og, 4,,- The required solu- 
tions may be obtained by plotting the left-hand side us. dy yyy for the 
given @,) wy value, With the ty 44, values obtained, the line character- 
istic impedances eae ey may be obtained from Eq. (17-39), while the mid- 
band series capacitor reactance values Ye een MOY be obtained from 


Eq. (17-40). The design parameters are summarized in Table 17-2. 
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FIG. 17-9 
DEFINITION OF PARAMETERS FOR THE INTERIOR SECTIONS IN FIG. 17-7 
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2a, 


4 Table 17-2 
DESIGN PARAMETERS FOR FILTERS IN FIG. 17-7 FOR SPECIFICATIONS: 
w/w» = 0.6056, Wy /wg = 1.397, AND Ry = Ry =a 


Veen ohos = $y att rediansa 


The response of this filter was calculated with a digital computer 
snd is plotted in Figs. 17-10(a), (b). An exact mapping of the low-pass_ 
prototype would require that the response have 0.1 db Tchebyscheff ripple 
between a) Gy = 0.656 and w/a, = 1.397, as was predicted with the mapping 
hqs (17-28) with 3 = 1.810. As is seen‘ from the pass-band characteristic 
in Fig. 17-10(a), the Tchebyscheff ripple characteristic is not perfect, 
but comes close to the desired shape. The lower 0.1-db point occurs at 
@,ag = 0.660, which is very close to the desired 0,656 value. The upper 
0.1-db point occurs at 1.425, which exceeds the predicted cut-off by 0.028. 
This error is also not great, and is of little consequence since the de- 
sired, usable bandwidth is exceeded. And for this type of wideband filter 
only the. lower attenuation band is of interest, as was previously mentioned. 
The solid lines in Fig. 17-10(b) show the calculated attenuation character- 
istic of this filter, while the dashed lines show the attenuation character- 
istic nredicted by mapping the attenuation characteristic of the prototype | 
filter using the mapping equation, Eq. (17-28). As the figure shows, the 
calculated response and the mapping of the prototype response agree almost 
exactly close to cut-off, and differ by only a db or so in the region of 


high attenuation. 


Figure 17-11. shows a possible strip transmission line construction 
for the filter defined by Fig. 17-7 and Table 17-2. This structure con- 
sists ef orinted-circuit, copper foil center conductors etched on slabs 
of diclectric material with conver foil on the outer sides of the die- 
lectric slabs to forr the ground planes. The series capacitors in 
Fig. 17-7 are realized by gaps in the strip center conductors. However, 
in order to obtain the amount of series capacitance required for a wide- 


band filter of this sort, it is desirable to use additional copper strips 
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FIG: 17-100) 
CALCULATED PASS-BAND RESPONSE FOR THE FILTER DEFINED BY FIG. 17-7 AND TABLE 17-2 
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COMPUTED RESPONSE 
50 MAPPED PROTOTYPE RESPONSE 
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FIG. 17-10(b) 


COMPUTED ATTENUATION CHARACTERISTIC FOR THE FILTER DEFINED BY FIG. 17-7 AND TABLE 17-2, 
AND THE RESPONSE PREDICTED BY MAPPING THE ATTENUATION OF THE LOW-PASS PROTOTYPE 
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FIG. 17-11 


EXPLODED VIEW OF A POSSIBLE PRINTED-CIRCUIT, STRIP-TRANSMISSION-LINE CONSTRUCTION 
FOR THE FILTER DEFINED BY FIG. 17-7 AND TABLE 17-2 


which overlap adjacent sides of each gap so as to increase the series ca- 
pacitance. In Fig. 17-11 the center conductor circuit is printed on both 
the upper and lower dielectric slabs so that the overlapping, capacitor 
strips (etched from copper foil on thin.slabs of dielectric) may be placed 
between. Note that the overlap strips are narrower than the transmission 
line strips. This shields the overlap strips so that they will operate as 
series, open-circuited stubs connected at the gaps. In this manner the 
series capacitor strips increase the series capacitance directly at the 


gaps, but have negligible capacitance with respect to the ground planes. 


F. DISCUSSION OF GENERAL APPLICATION OF THESE METHODS 


The methods described for the preceding example may be adapted for 


use with a variety of different kinds of structures. The mapping function 
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seed eat depend on the type of structure, “In some cases the. prototype 

form in Fig. 17-2 will not be appropriate, but some other form such.as the 
dual of that in Fig. 17-2 wills oT! Jones and S. B. Cohn of this 
laboratory designed a low-pass filter by methods basically similar te those 
described here but with sti]l another prototype. Their prototype consisted 
of a circuit of the form in Fig. 15-2(a) broken up into symmetrical pi 
sections. The image characteristics of these pi sections were mapped by a 
tangent function mapping, and then the mapped image characteristics were 
approximated by pi sections formed from transmission lines. The computed 


response of the resulting filter design was quite good, 


Perhaps it would be well to point out the nature of the approximations 
involved in the wideband design method of this report. The method will be 


a . . . 
exact for any symmetrical microwave filter structure (Fig. 17-6) whose 


image impedance and propagation characteristics duplicate those of the band- . 


pass model an, Fig. “17 =4¢ “The reactances X, in Fig. 17-4 are mappings of 
the prototype reactances as indicated in“Eq. (17-16), and the impedance-. 
inverter parameters Mee aiienanten? of frequency. Even though microwave 
Structures for which the model] in Fig. 17-4 is appropriate can be made to 
have image characteristics very similar to those of the model, it will 
usually be impossible for all of the image properties to duplicate those 
of the model. For example, if one obtains a low-pass to bandpass mapping 
function F(w) that gives the bandpass model (Fig. 17-4) an image impedance 
characteristic duplicating that of the microwave Structure, the pass-band 
image phase wil} usually not duplicate that of the microwave structure. 
Thus, this design procedure will usually involve approximations; however, in 
the examples worked out so far, the errors due to these approximations are 


not great. 


—_-__————————— 


2 : 
Though the method for wideband, band-pass filter design described herein occurred to this 
writer independently, their low-pass filter design, which in similar in design philosophy, 
was carried out quite some time ago. 
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CHAPTER 18 


DESIGN OF WIDE-BAND (AND NARROW- BAND) BANDPASS MICROWAVE FILTERS 
USING STUBS OR PARALLEL-COUPLED LINES* 


A. GENERAL 


In Chapter 17 a general method for design of wide-band, microwave 
filters was presented and, as an example, applied to the case of filters 
consisting of lengths of transmission line coupled by series capacitors, 
The design method used mixes the image impedance and insertion-loss points 
of view; the individual sections of the filter are designed by equations 
derived from the image point of view, while the proper choice of the image 
parameters for the various sections of the filter is determined from a 
lumped-element prototype designed using the insertion-loss method. In 
this manner the simplicity of the imaye point of view is obtained along 
with the precision typical of insertiou- boss design methods. The methods 
used are most accurate for band-pass filters with narrow pass bands, but 


still have good accuracy for band-edge ratios of two to one, 


The types of bandpass filters to be treated in this report are shown 
in Figs. 18-1, 18-2, and 18-3. ° The filter in Fig. 18-1(a) is of the 
parallel-coupled type for which Cohn! has presented approximate design 
equations accurate for filters of narrow or moderate bandwidth; the filter 
form shown in Fig. 18-1(d) was previously treated by Jones? on an exact 
basis. It can be shown that exact design procedures based on Kichard'’s 


dican be derived for all of these filters for either narrow 


trans formation 
or wide bandwidths. Examples of the use of these procedures will be found 
in the literature.?*? Wowever, the paper by Jones? which treats the form 

(of filter in Fig. 18-1(d) is the only one of these references which deals 

specifically with any of the filters in Figs. 18-1(a) to 18-3 on an exact, 
insertion- loss design basis. A serious practical disadvantage of exact 


‘methods for designing these particular filter structures is that the 


synthesis of special transfer functions is required? at the outset of 


The material in this chapter has heen published. See G. [. Matthaes, “Band-Pess Microwave Filter Design—A 
New Method and Its Relation to Other Methods,” 1960 IRE International Convention Record, Part 3, pp 95-122 
See also, Ge be Matthner, “Design of Wide-Band (and Narrow-Nand) Rand-Pass Microwave Filters on the Inser- 

tion Loss Basis,” IRE Trans. PGHTT-8, pp 580-593 (November 1960)» 


Whether of not special transfer functsons are required depends on the locations of the frequencies of 
infrnite attenuation imherent to the desired filter structures Ry choosing certain filter structures, the 
more common transfer functions can be used. 4? Such structures, however, may not always be the wost cons 
venient to fabricate, 
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FIG. 18-1( a) 
PARALLEL-COUPLED, STRIP-TRANSMISSION-LINE FILTER WITH OPEN-CIRCUITED SECTIONS 


(Each section is one-quarter wavelength long where the reference wavelength 
is that at the midband frequency, ry) 
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FIG. 18-1(b) 


PARALLEL-COUPLED, STRIP-TRANSMISSION-LINE FILTER WITH SHORT-CIRCUITED SECTIONS 
(This filter is the dual of that in Fig. 18-I(a). Each section Syke} 
is one-quarter wavelength long where the reference areleniiis 


the propagation wavelength at the midband frequency, wp.) 
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FIG. 18-1{c) 


BANDPASS FILi_R USING QUARTER-WAVELENGTH SERIES STUBS AND 
QUARTER-WAVELENGTH CONNECTING LINES 
(Filters of the form in Fig. 18-1(@) con always be converted to this form) 
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FIG. 18-1(d) 


BANDPASS FILTER USING QUARTER-WAVELENGTH SHUNT STUBS AND 
QUARTER-WAVELENGTH CONNECTING LINES 
_ (This filter is the dual of that in Fig. 18-1(c). The reference wavelength 
, is the propagation wavelength at the midband frequency, wp.) 
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FIG. 18-2 


BANDPASS FILTER WITH HALF-WAVELENGTH SHUNT STUBS AND 
QUARTER-WAVELENGTH CONNECTING LINES 
(The reference wavelength is the propagation wavelength 
at the midband frequency, wp.) 
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FIG, 18-3 


BANDPASS FILTER WITH CUARTER-WAVELENGTH SHUNT STUBS, QUARTER-WAVELENGTH 
CONNECTING LINES, AND HALF-WAVELENGTH SERIES STUBS AT THE ENDS 
(The reference wavelength is that at the midband frequency, wp ) 
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the design process,’? and, all in all, a great deal of computational labor 
is needed. Even though the design procedures described herein are compu- 
tationally very simple and only approximate, the results, as the examples 


show, are satisfactory for most practical precision design problems. 


In Part B, the use of the design equations and the results of design 
examples will be discussed To make routine use of the design equations 
more convenient, their derivation will be treated separately in Part C. 
Some of the results of Chapter 17 will be briefly summarized during the 


following discussions to provide continuity, 


BD. PRACTICAL APPLICATION OF THE DESIGN: EQUATIONS 
1. Eouivatence oF THE NETWORKS IN Fics. 18-1(a) to 18-1(d) 


The filter in Fig. 18-1(b) is simply the dual of that in Fig. 18-1(a). 
It can be obtained directly from the circuit in Fig. 18-1(a) by replacing 
the open circuits by short circuits and by replacing each even- or odd-mode 
impedance (Ze) nan and (Zo) eet respectively, by corresponding odd- and 


even mode admittances 


4 215 
Fo) aaa 9 (2, awn 
(18-2) 
: 2 
(Ye) eet V9 (2, ) oat 
where Y) - 1/Z, is the characteristic admittance of the input and output 


lines. By use of the equivalences shown in Fig. 18-4,° it is seen that 
the circuit in Fig, 18-1(c) as exactly equivalent to that in Fig. 18-1(a), 
while the circuit in Fig. L8-1(d) is exactly equivalent to that in 

Fig. 18-1(b). Thus, any of these four circuits can be derived from any 
other, by use of duality and the equivalences in Fig. 18-4; when derived 
from one another in this manner, all will yield exactly the same trans- 


mission characteristic. 


For simplicity. the design equations applicable for these four filter 
structures [Fig. 18-1(a) to 1B-1(d)) will be expressed in the specific 


form for the structure in Fig. 18-1(a). Any of the other forms may then 
; 3 


e ‘ . ‘ ‘ . . 
The correctness of these equivalences can be verified with the aid of the impedance and admittance 


matrices for parallel-coupled ateips given by Jones8 or by using Richard's trsanigraetion to map the 
elements in Equivalent Carecuats (5) and (6) of Table TI of Oroks and Ishii’s svork” into the corres- 
ponding transmission line forme 
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FIG. 18-4 


EQUIVALENCE BETWEEN PARALLEL-COUPLED STRIP-LINE SECTIONS AND SECTIONS 
CONSISTING OF STUBS WITH CONNECTING LINES 


be obtained by duality and Fig. 18-4. In converting from the form in 

Fig. 18-1(a) to, say, the form in Fig. 18-1(d), it should be noted that 
the characteristic admittance of the shunt stub at each end is determined 
solely by the end sections of the filter in Fig. 18-1(a); however, the 
characteristic admittance of each of the shunt stubs in the interior of 


the filter in Fig. 18-1(d) is determined by the corresponding two adjacent 
sections in Fig. I18-1(a) so that 


Vote Ye 


4 tl, i Yow 


Uta + Zid = YOU(Z, .) eis : (2, nua ; (18-2) 
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where Y, = 1/Z) is again the characteristic admittance of the input and 
ne, and Z} ,,, are defined in Fig. 18-4. It 
is helpful to note that in the case of Fig. I8-1}(+1), the characteristic 


output lines, and the Y} 


admittances of the connecting lines are given by 


2 
Ca Rae” 3 ‘ Vike sea (18-3) 


where the K, are impedance inverter parameters to be discussed later 


J bel 
(they aredefined numerically in Tables 18-1 and 18-2), 


The filter structures in Figs. 18-2 and 18-3 are not equivalent to 
those in Figs. 18-1(a) to Fig. L@-1(dj).  Wowever, they are closely 
related structures which can readily be treated using many of the same 


concepts and equations. 


°2. Use oF Mappinc Functions, ano SELECTION oF ApPprRoparaTte LuuPend- 
ELrement Protorreres 


In the design procedure described herein, the band-pass microwave 
filter derives characteristic properties of its response from a lumped- 
element prototype filter having analogous low-pass filter response prop- 
erties. Figure 18-5 shows a typical low-pass prototype and defines the _ 
prototype parameters go, By» +++s Bar Baol The design equations in 
Tables 18-1 to 18-3 assure that the prototype filter is either syrnetric 


or antimetric? 


—a condition satisfied by the common maximally flat or 
Tchebyscheff lossless filter designs (which have one or more frequencies 
at which zero reflection occurs). Weinberg! ® and Chapter 13 of this 
report give tables of element values for such filters (ief. 10 also 
includes tables for filters which are not symmetric or antimetric). The 
use of symmetric or antimetric prototypes along with equal terminations 
in the final microwave filter (as depicted in Figs 18-1 to 18-3) is 
usually desirable; and so has been made amplicit in the equations in 
Tables 18-1 to 18-3. However these conditions are not necessary, and 


equations for other cases may be derived by the theory in Sec. C. 


Figure 18-6 shows a typical, lossless, low pass-filter, maximally 
flat response along with the equation for this response. The frequency ws 
establishes the pass band edge while A, is the db attenuation which is 


permissible within the pass band The frequency aw" is a frequency at which 
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A typical, low-pass prototype. The duel of this circuit vould also be satisfactory. 


The inductance of @ series coil, 


«| 
ele : “ 
f re or the capecitance of » shunt capecitor. 


ti generator resistance Ry if 6, * C,, but is 
ry = 


defined os the generetor conductance Gy if 6, = Ly. 


» but is 
a 


The load resistance Roop if er 
8,01 * 


defined o8 the load conductance CG op Uf 2 La 
a a 


NOTE: An edditional prototype paremeter a is defined in Figs. 18-6 and 16-7. 
RA-2326-77-163 


FIG. 18-5 


DEFINITION OF THE LOW-PASS PROTOTYPE PARAMETERS 99+ Dyr ++ Gar Sno} 

(The symmetry about the middle of the filter indicated in the equations of Tables 18-1 ° 

to 18-3 results from the use of symmetric or antimetric prototypes. The common 

maximally flat or Tchebyscheff prototypes, which have one or ‘more frequencies where 
zero reflection occurs, always satisfy this symmetry or antimetry condition.) 


284 


Prototype Response Dand-Pase Filter Re sponse 
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@ 
is given an Eqs. (36-40), (18 -4$b) oF (38-5). 


To determine n required for given values of w/w, A,. w/w and A., find smallest 


integer n velue which satisfies 


ev 
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FIG. 18-6 
EQUATIONS AND PARAMETERS FOR MAXIMALLY FLAT RESPONSE 


TABLE 18-1 
DESIGN EQUATIONS ESPECIALLY SUITED FOR. 
FILTERS OF THE Form IN Fics. 18-1(a) ano 18-1(b) 


Use mapping Eq. (18-4a) or (18-4b) and Fig. 18-6 or 18-7 to select proto- 
type having required value of n. Equations below are for filters in the 
form of Fig. 18-1(a). There are n + | parallel-coupled sections for an 
n-reactive-element prototype when using the design procedure below, 


(a) Sections S), and S 


n,n] 


Q = cot Ge, ; P = 
aks 2 
2(Ky,/29) 
P sin ar 
Stes tee, 
0 
K 4/2 
Ce oie) or a; (2. a,nel) i Z,(1 ; P sin ¢)) 
TARE te Bell 7/P sin )) 
01 a,ne 
(b) Sections Sie to er ar 
Rae ] N eae : tan2 o, 
5 ' kh, bed 
% oilistans 2) oe 
z ya ts N yobs 
( peas = RACH ten mea AR So PR | ze 
Z) a ) N Ky ae 
= > s s le 
(“6 eke 90° nok, woh} Rees ra, 
where a, and s are defined as in (a) above and k = J, 2, ..., n~ 1. 
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TABLE 18-2 


DESIGN EQUATIONS FOR FILTENS ESPECIALLY SUITED FOR 
REALIZATION IN THE Foam IN Fics. 18-1(c¢) anp 18- 1(d) 


Use mapping Eq. (18-48) or (18-4b) and Figs. 18-6 or 18-7 to select proto- 
type. Equations below are for filters in the form of Fig. 18-1(a), but 
they are readily converted to the form in Fig. 18-1(c) or 18-1(d) by use 

of Fig. 18-4. Using these equations, sections a1 and ik are omitted, 
and there will be n - 1, parallel-coupled. sections for an n-reactive- 


element prototype. 


Sections S54 to Peers 


12 Aa 42868, 
Zo Z4 VE,b> 
Ky iaes Pay Septet 28 98, 
z 5 Z ._ ——— 
0 b=2 to n-2 : - © ByBasy 
hak Be y 
QO, + 2 0, : re ne ee 
, wZ a i8 Ky gen 
( ace bh, bol : Ai n-k, a-hkol ; “0 hy kel 25 
, way Rei 
(406 ee tie Tai Ss aa Ohms BEE 2 
“9 
where Kis) 2- 0. no 
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DESIGN EQUATIONS FOR awe oF THE Form in Fic, 18-3 


Use mapping Eq. (18-5) and Fig. 18-6 or 18-7 to select prototype oy 


where w) 1s a Leven ey of infinite attenuation as indicated in example — 
in Fig. "18 - ll. Referring to Fig. (8-3; ne 
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where d ¢ 1 as a constant (typically one-half or somewhat bareen), which 


may be chosen to give a desired impedance level in’ the interior of the- 
filter, 
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a stated attennation, A, db, is required. An analogous, maximally flat, 
band-pass response such as might be obtained by the filters in Figs 18-1(a) 
to 18 -1(d) is also shown. Note that this response has arithmetic symmetry 
about w) so that the essential parameters of the response may be specified 
simply as @ we. Al. A. and w, ay. The response of the band-pass filter may 
be predicted directly from that of the low-pass filter by mapping the w* 
frequency scale of the low-pass filter to the w frequency scale of the band- 
pass filter, as indicated in the figure. For the circuits in Fig. 18-1 (a) 

to 18-1(d) and the design eyuations in Table 18-} and 18-2, the proper 


function ae (ola) to use is 


a) el , (18 -4a) 


F(—) - a - ') (18-4b) 


will also give good accuracy.! As will be shown, the accuracy of 
Eq. (18-4b) is fair even for wide bandwidths. For the circuit in 


Fig. 18-3 and the equations in Table 18-3, the proper function to use is 


(18-5) 
where w, is a frequency of infinite attenuation, to be specified. An 
accurate, general mapping for the circuit in Fig. 18-2 has not been 


determined. 


Figure 18-7 shows corresponding curves and equations for the case 
of filters having Tchebyscheff responses Since the choice of mappings 
is determined by the type of filter structure rather than by the type of 
response, the functions in Eqs. (18-4) and (18-5) apply as before. 
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Prototype Response Band-Pess Filter Response 
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FIG. 18-7 
EQUATIONS AND PARAMETERS FOR TCHEBYSCHEFF RESPONSE 
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(86-5), 
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For both the maximally flat and Tchebyscheff cases, the number of reactive 
elements required in the low-pass prototype, , 18 fixed by the parameters 


w/w», A,, w/w, and A,. In Figs 18-6 and 18-7 equations are given 


a 

for solving for nm in terms of these parameters. Since the F(a, /w9) in 
“Eqs. (18-48) and (18-5) are also functions of n, one must estimate a 
value of n to use in these functions, solve for n to get an improved value, 
and then repeat the process. However. since the F (w,/w9) are only weak 
functions of n. the process will converge very quickly. In the case of 
Eqs. (18-4a) and (18-4b) the latter equation may be easily used to 
obtain n accurately for narrow-band cases. and this equation will also 
give a fairly accurate value of n in wide band cases. In wide-band cases 
‘the value of n obtained using Eq (18-4b) can be inserted in Eq. (18-4a), 


and the equation for nm can then be used again to obtain a more accurate 


verification of the a value. 


3 A DestGn PROCEDURE EspECIALLY SUITED TO Fitters REALIZED IN THE 
Forms in Fics 18-1(a) ano 18-1(b). 


Table 18-1] summarizes a design procedure which gives good impedance 
levels for filter structures such as those in Figs. 18-1(a) and 18-1(b). 
After an appropriate prototype is selected, as described above, the 
parameters Bo, 6j: aa) ee and w. from the low pass prototype are 
used along with the bandpass- filter lower-band-edge ratio, #,/w,, to 


obtain the filter design in a straightforward manner as outlined. 


Figures 18-8(a) to 18-8(c) show the results of some trial designs 
obtained using a Tchebyscheff prototype having 0,.10-db pass-band ripple 
and n ~ 6 reactive elements. The curves show the response computed by a 
digital computer from the circuit element values For Fig. 18-8(a), 
w/w» = 0.975 was used, which calls for a 5-percent bandwidth. As is seen 
from the figure, there is no noticeable deviation from the design objective, 
and points mapped from the low-pass prototype response by use of Ea. (18-4a) 
and also by Eq. (18-4b) are all in excellent agreement with the computed 
response. Figure 18-8(b) shows the computed response for a design obtained 
using w/w» = 0,850, which calls for a 30-percent bandwidth. In this case 
there is a very slight deviation from perfect Tchebyscheff character, 
inasmuch as two of the peaks of the pass: band ripples do not quite reach 
the 0.10-db level. In this case points mapped from the prototype response 
using Eq. (18-48) sre in practically perfect agreement with the filter 


response, while points mapped using Eq. (18-4b) show some noticeable error 
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et the higher attenuation levels. Figure 18-8(c) shows the computed 
response for a design obtained using w,/w, = 0.650, which calls for a 
band-edge ratio of w/w, = 2.077. In this case the deviation from a 
perfect response is more noticeable, the most important deviation being 
that the frequency ratio of the 0.10-db band-edge points is about 

w/w, = 1.96 instead of 2.077. All of the expected pass-band ripples are 
present, although in this case two of the ripple peaks are reduced to 
half size. Points mapped from the prototype response by use of Eq. (18-4a) 
appear to fall almost exactly where the response curve would have been if 
the slight shrinkage in the pass-band width had not occurred. Points 
mapped by use of Eq (L8-4h) weave across the computed response some, 


but follow it surprisingly closely. 
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eae corresponding filter designed by Cohn’s equations! was compared 
with the 5-percent-bandwidth filter described herein, in order to compare 
the two design methods. The designs were found to be basically similar, 
except that Cohn’s equations yielded slightly different end sections and 
a 7-percent higher impedance level in- the interior sections of the filter. 
For filters of about 10 percent bandwidth or less, either method should 
give good designs, but Cohn’s design method has an advantage of being 
computationally even simpler than that described herein. For bandwidths 
_ greater than about 10 or 15 percent, the accurscy of Cohn’s equations 
begins to deteriorate noticeably and the design equations described herein 


are recommended 


4. A Desicn Procenure ESpeciatty Suited TO FILTERS REALIZED 
peer IN THE Forus IN Fics. 18-ifc) anp 18-1(d) 


In the design procedure of Table 18-1, the end sections S), and 
Sint are, in a sense. primarily impedance-trans forming sections. Using 
that design procedure moderate impedance levels are maintained in the 
interior sections of filters realized in the forms in Figs. 18-1(a) or 
18-1(b) regardless of the bandwidth of the filter, but this is achieved 
by not making full use of all of the natural modes of oscillation of which 
the circuit is capable Using the design procedure in Table 18-2, -he. 


end sections S,, and S are eliminated, and the remaining network 


n,nvl 
makes full use of all possible natural modes. Table 18-2 is thus seen 

to call for n - 1 bandpass filter sections to realize a response mapped 
from an n-reactive element prototype, while the design method in Table 18-1 
calls for n + 1 bandpass filter sections to achieve the same response. 
Designs obtained by Table 18-2 will usually yield impractical impedance 
levels for filters of the forms in Figs. 18-1(a) and 18-1(b), but the 
impedance levels are moderate for wide band filters of the forms in 

Figs. 18-1(c) and 18-1(d). The form in Fig. 18-1(d) which is quite 
practical for wide band designs. becomes less practical for narrow-band 
designs since the characteristic admittances of the shunt stubs then 


become quite large. 


Figure 18-9 shows the response of a filter designed using Table 18-2 
from a 0.10 db ripple. a = 8, Tchebyscheff prototype with w,/w, = 0.650. 
Table 18-5 shows the element values for a realization as in Fig. 18-1(d). 
In this case the pass-band ripples are more uneven than in the previous 


examples; however, the bandwidth suffered.less shrinkage than in the 
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All values normalized so Yo = 1. 


previous 2-to-] bandwidth design whose response was shown in Fig. 18-8(c). 

In both the case of Fig. 18-8(c) and Che case of Fig. 18-9, the filter has 

seven sections, however, it should be noted that the latter response has 

a steeper cut-off, since it was designed from an n = 8 instead of ann = 6 

prototype. It is thus seen that points mapped from the prototype response 
by use of Eq. (18-4a) are again quite accurate, but those using Fq. (18-4b) 


show appreciable error-at high attenuation levels. 


If filters in the form of Fig. 18-1(c) or 18-1(d) are desired, but 
with a somewhat different impedance level for their interior sections, this 
can be accomplished by using a modified form of the calculation procedure 


in Table 18-3 as is described in Sec, C-4. 


5. DESIGN OF FILTERS IN THE Form IN FIG. 18-2 


Filters in the form shown in Fig. 18-2 can be readily designed by a 
modified use of Table 18-2. The design is carried out to first. give a 
filter in the form in Fig. 18-1(d) with the desired passband characteristic 
and bandwidth. Then each shunt, quarter-wave length, short-circuited stub 
of characteristic admittance Y, is replaced as shown in Fig. 18-2 by a 
shunt, half-wavelength, open-circuited stub having an inner quarter- 


wavelength portion with a characteristic admittance 


Y,(a tan?6, ey 
Y! < a (18-6) 


(a + 1) tan?6, 


and an outer quarter-wavelength portion with ea characteristic admittance 


Yiu aY, ‘ (18-7) 
The parameter a is fixed by 
TI, 
o...% cou{—— (18-8) 


2 (wa /wg)<lw,/wg) 


a 


© The reference wavelength is that at the mid band frequency 9. 
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where 6, = TM ,/2w9, and w, is a frequency at which the shunt lines present 


short circuits to the main line and cause infinite attenuation. The 


pon which the above substitution is made is that Fqs. (18-6) 


principle u 
circuited stubs 


to (18-8) are constrained to yield half wavelength open- 
e susceptances at the band-edge frequency ) 


rcuited stubs gk! they replace, while 


which have exactly the sam as 


did the quarter-wavelength short-ci 
both kinds of stubs have zero admittance at 9. 

designed as in Table 18 -2 
using a 0.10-db Tchebyscheff 
= 0.500, which gives a * 1, 


To test out this procedure a filter was 
to give 30 percent bandwidth (w, /ag = 0.850) 
prototype with n = 8. Then, choosing %,/H 
the quarter wavelength stubs were replaced by half-wavelength stubs as 


described above, and the resulting computed response 
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FIG. 18-10 


COMPUTED RESPONSE OF A 30-PERCENT- BANDWIDTH BANDPASS FILTER 


DESIGNED IN THE FORM IN FIG. 18-2 
»/g = 9. 850. Prototype had 0.10 db Tchebyscheff 


(Design value for « 
ripple with n = Breactive elements.) 
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is shown in Fig. 18-10. 


Note that the pass band is almost exactly as prescribed, and that there 
are low attenuation regions in the vicinity of w = 0 and w = 2w,, which 


are to be expected. The element values for this filter are shown in 


Table Table 18-6. 


TABLE 18-6 


ELEMENT VALUES FOR THE FILTER OF FIG. 18-10 
REALIZED AS SHOWN IN FIG. 13-2 


(Filter designed from a 0.10 db ripple, 
n= 8, Tchebyscheff prototype using 
w/w ~ 0.850 and Wey /w = 0.500. 
This, then, calls for a = 1 so 
that yy = ia throughout. ) 


All values norsealized so thet Gs i. 


The 2-to-]-bandwidth filter design (Fig. 18-9 and Table 18-5) was 
also converted to this form using og, w, = 0.500, and its response was 
computed. The features of the pass band looked much the same as those 
in the expanded plot in Fig. 18-9, while the stop bands consisted of 
very sharp attenuation spikes surrounding @ “v9 = 0.560, in a manner 
similar to that in Fig. 18-10, except that the attenuation bands were 


much narrower. 


Filters of the form in Fig. 18-2 should be particularly useful 
where the pass bands around w = 0 and w = 2w_ are not objectionable, and 
where there is a relatively narrow band of signals to be rejected. By 
the proper choice of w,, the infinite attenuation point can be so placed 
as to give maximum effectiveness against the unwanted signals. Although 
using the same w, for all of the stubs should give the best passband 
-response, it may be permissible to stagger the w, points of the stubs 
slightly to achieve broader regions of high attenuation. Filters of the 
form in Fig. 18-2 are practical for narrower bandwidths than are those 
in the form in Fig. 18-1(d) because of the larger susceptance slope of 
half-wavelength stubs for a given characteristic admittance. For example, 


in the case of Fig. 18-10, the shunt stubs for this filter as shown in 
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Fig. 18-2 have characteristic admittances Y :; re which are 0.471 times 
the characteristic admittances of the shunt stubs of the analogous filter 
in the form in Fig. 19-1(d) from which it was designed. Thus narrower 
bandwidths can be achieved without having the characteristic admittances 


of the shunt stubs become excessive 


6. Desicn oF FILTERS IN THE Form in Fic 18-3 


For filters in the form of Fig 18-3 the mapping function in 
Ey. (18-5) should be used along with the equations in Table 18-3. In 
this case w, 1s the frequency of infinite attenuation created by the half- 
wavelength series stubs at the ends The parameter d may be chosen to 


adjust the impedances of the interior of the filter to a convenient level. 


This type of filter gives a cross between the type of response obtained 
using a filter as in Fig. 1B-1(d), and that obtained by a filter as in 
Figt Wed: At first a design of the form in Fig. 1B8-1(d) was tried, but 
with the end stubs (only) replaced with shunt. half-wavelength, open- 
circuited stubs This ,ave infinite attenuation at w © 0 and w, as expected, 
but yielded a point of very tow attenuation (around 10 db) between these 3 
two frequencies (and between other corresponding frequencies). It was 
then found that by using an altered design procedure which yields series, 
hal f-wavelength. short-circuited stubs at the ends. the desired type of 
response could be obtained without excessive drop in attenuation between 


w = 0 and w,. 


Figure 18-11 shows the computed response of a filter designed using 
Table 18-3 to give approximately 2 to ] bandwidth. The prototype, again, 
had 0.10-db Tchebyscheff ripple. and n 8 The remaining design parameters 
were w,/w, - 0.650. We | Wy 0.500. and d~ 0.500 In this case the pass- 
band ripples are not as well developed as in the previous examples It 
has been found that the design theory used herein works best if all of the 
sections are of the same basic form since the end sections are different 
from the other sections in this case the larger deviation from a 0,10-db 
equal-ripple response 1s not surprising (From a practical standpoint, 
this deviation may be good. since the ripples are small at the band edges 
where incidental dissipation will tend to increase the pass-band loss most. ) 
Points mapped from the prototype response using Eq. (18-5) are seen to 
come fairly close to the computed response, although not as close as 
Eq. (18-4a) did where it was applicable. Roth Faqs. (18-4a) and (18-5) 
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FIG. 18-11 


COMPUTED RESPONSE OF A FILTER AS IN FIG. 18-3, WITH APPROXIMATELY 2 TO 1 BANDWIDTH 
(Design value for @/aq was 0.650. Prototype had 0.10 db Tchebyscheff ripple with n = 8 reactive 
elements. Parameters d and (q/\4'g were both chosen as 0.500.) 


were derived on the same basis TABLE 18-7 


and should probably yield ELEMENT VALUES FOR THE FILTER OF FIG. 18-11 
REALIZED AS SHOWN EN FIG. 18-3 

f , : L (Filter designed using Table 18-3 from a 

deviations in this case ore 0.10-db ripple, n = 8, Tchebyscheff 

probably due at least in part prototype using w/w» = 0.650 and 

w/w, = 0.500.) 


similar accuracy. The larger 


to the fact that the passband 
response itself deviates more 
from the design objective. 
The element values for this 
filter design are given in 
Table 18-7. 
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7. SUGGESTED WAYS FOR FABRICATING THE Fitters UNpeErR CONSIDERATION 


For bandwidths of perhaps around 20 percent or less, filters of the 


form in Fig. 18-l(a) are readily realized in printed-circuit form by use 
of Cohn's data for zero-thickness, parallel-coupled strips (see Refs. 13 


and 1). Larger bandwidths are difficult using this construction because 


the gaps between the conductors must become extremely small, <A suggested 


way for getting around this problem while. still using printed circuit 


construction is shown in Fig. 18-12. '% Instead of, just two slabs of 


dielectric, four slabs are used, two of which are relatively thin. Then 


alternate conductors are printed to form a double layer as shown in the 


cross:sectional view se that the adjacent conductor can be interleaved. 


This gives a relatively large odd-mode capacitance without the need for 


extremely close spacings, The cross-section of the conductors is no 
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FIG. 18-12 


POSSIBLE MEANS FOR FABRICATING WIDE-BAND FILTERS OF THE TYPE IN FIG. 18-1( a) 
USING PRINTED CIRCUIT TECHNIQUES» 
(In order to achieve tight coupling with reasonably large conductor spacings, alternate 
conductor strips are made to be double so that conductor strips can be interleaved.) 
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longer balanced geometrically; however, by proper design, the even- and 
odd-mode impedances for both the single- and double-layer conductors can 


be made the same. !§ 


Figure 18-13 shows a suggested way for realizing filters of the type 
in Fig. L8-1(b). In this case the conductors are rectangular bars sup-: 
ported mechanically by the short-circuits at their ends. This construction 
can be used for either narrow-or-wide-band filters and has the advantages 
that it does not require dielectric material (hence it has no dielectric 
loss), and that, with rounded corners on the conductors, it should have 


relatively high power-handling capability. 


CONDUCTOR SHORT - CIRCUITING 
AND SUPPORTING BLOCKS 
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BAR CONDUCTORS 
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POSITIVE CONTACT : 
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FIG. 18-13 


POSSIBLE MEANS FOR FABRICATING WIDE-BAND FILTERS OF THE TYPE 
IN FIG. 18-1(b) IN BAR-TRANSMISSION-LINE CONSTRUCTION 
. (The short-circuiting blocks support the bar conductors so that no 
dielectric material is required.) 
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FIG. 18-14 


POSSIBLE WAY FOR FABRICATING WIDE-BAND FILTERS OF THE TYPE IN FIG. 18-3 
IN SPLIT-BLOCK CONSTRUCTION 
(The shunt, quarter-wavelength, short-circuited stubs are realized in parallel pairs 
so that the characteristic admittance of each stub will be cut in half, ond so that 
the structure will be self-supporting. The series, half-wavelength, short-circuited 
stubs are inside the center conductor.) 


The filter type in Fig. 18-1(c) is not very attractive because of 


the difficulties involved in building series, open-circuited stubs. How- 


ever, the types in Figs. L8-1(d), 18-2, and 18-3 can all be built readily 


in either printed-circuit construction, or coaxial split-block con-— 
struction, and probably also in waveguide. Figure 18-14 shows the filter 
type in Fig. 18-3 in split-block construction. The shunt, quarter- 


wavelength, short-circuited stubs are realized in parallel pairs, so that 


s : 
When uveing printed circuit construction, the data in Chapter 11 for correction of junction 


effects should be quite helpful. 
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their characteristic admittances will be cut in half, and so that the 
structure will be self-supporting. The series, half-wavelength, short- 


circuited stubs are inside the center conductor and may be supported by 


. . . . . » . 
‘the short-circuit connection at their inner end. By using a two-layer 


center conductor, a similar effect could be achieved in printed-circuit 
construction by locating the series stub between the two center-conductor 
layers. The dual of the cireuit in Fig. 18-2 would have series, half- 
wavelength, short-circuited stubs, which would be quite practical when 
realized in waveguide. The circuit in Fig. 18-3 could probably be built 
in waveguide using series and shunt stubs protruding at right angles to 


the main waveguide. 


C. THEORETICAL BASIS FOR THE FILTER EQUATIONS AND 
MAPPING FUNCTIONS 


1. MoprFrepd PrototyPes AS A Basis FOR DESIGN 


Thefirst step in deriving the design equations used herein is to 
convert the low-pass prototype (Fig. 18-5) to a modified form that in- 
volves impedance inverters or admittance inverters. The concept of 
impedance inverters has previously been discussed in detail by Cohn; '4 


admittance inverters are simply the dual representations of impedance 


inverters, and are introduced only for convenience. Figure 18-15 sum- 


marizes the basic properties of these two types of inverters. 


‘any circuit like that in 


Using methods similar to those of Cohn, ! 
Fig. 18-5 may be converted into either of the dual forms in Fig. 18-16. 
In form at (a), in the figure, which uses impedance inverters, all of the 


bese sasebyge Ry 


pe may be chosen arbitrarily; the inverter 
parameters K, ,,, are then computed as indicated. 


elements Ry Ly 


Analogous conditions hold for the dual circuit at (b) in Fig. 18-16. 
In the discussion to follow, the impedance (or admittance) inverters will 
be assumed to be idealized so that their electrical behavior is exactly 
as indicated in Fig. 18-15. They will be used merely as an aid to 
mathematical reasoning, and no direct attempt will be made to find a 
circuit which approximates their idealized performance. Instead, as 
indicated below, the approximations will be based upon the impedance 


inverters plus part of each adjacent: element. 


In the example of Fig. 18 31 and Table 18-7 it would have been better to have used a larger 
velue of d so that the admittances of the interior acctions would be larger and hence the 
center conductor would be larger in diameter. This would facilitate the fabrication of the 
series atub. 
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DEFINITION OF IMPEDANCE INVERTERS 
AND ADMITTANCE INVERTERS 
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(b) MOOIFIEO PROTOTYPE USING ADMITTANCE INVERTERS eo 2220-17-17 


brite a-t 


FIG. 18-16 


LOW-PASS PROTOTYPES MODIFIED TO INCLUDE IMPEDANCE INVERTERS 
OR ADMITTANCE INVERTERS 
(The 99 Do -*+ + Gne Iney Fe obtained from the original prototype os 
in Fig. 18-5, se the Ro, Loy, e+» Lage and Ry oF the G,. Cc, 
and < may be chosen as Seiad: ) 
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2, PROCEDURE FOR DERIVING THE EQUATIONS IN TABLE 18-1 


The design equations in Table 13-1 are based on the modified proto- 
type shown at (a) in Fig. 18-16, while Fig. U8-17 shows the manner in- 
which the element values are specified, and the manner in which the proto- 


type is broken into sections. ‘The image impedance, Lioiey (w’'), and phase, 


By boqe Gin the pass band) for each of the prototype interior sections © 
(S), to Sone ,) are readily shown to be 
| ae erie 
PA ,(m') = K ! PACT Ras ; (18-9) 
hy be hit? DOK. 
and 
w'R es 
n 
j = sin! ——}t— (18-10) 
By iaet ara LISTS cr! 4 ean ef 2 
w PN ey popes ? ead 
6 


where, as before, w, is the cut off frequency for the low-pass prototype. | 

The choice of t 7/2 in Ky. (18-10) depends on whether the inverter is 

taken to have t90 degrees phase shift. The work of Jones and Bolljahn 

shows® that the image impedance and pass-band image phase for a parallel : 


coupled section as shown at (a) in Vig. U8-4 are given by 


Sines ' 

of 

2 RJ eR, Jw, 

MR Mee Se 0a-2900-07-099 | 

FIG. 18-17. ; a 
MODIFIED PROTOTYPE FOR DERIVING THE DESIGN EQUATIONS IN TABLE 18-1. 
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z 5 oe oo oe oo a (18-11) 
and 
Zoe ? ae | 
Sow ecos.! = cos @ (18-12) 
where @ = Tw/ Ws, and where Z,, and Z,, are the even- and odd-mode line 


impedances, respectively. The parameters of the parallel-coupled sections 


S,, to See, in Fig. 18-1(a) are related to the prototype sections S), 


to eee of the prototype by forcing the following correspondences between 


the two structures: 


(1) The image phase of the parallel-coupled sections 
when w = we must be the same as the image phase 
of the prototype sections when w’ = 0. 


(2) The image impedances of the parallel-coupled 
sections when w = w, must be the same (within 
a scale factor s) as the image impedances of (18-13) 
the corresponding prototype sections when w’ = 0. 


(3) The image impedance of the parallel-coupled 
sections when w =.w, must be the same (within a. 
scale factor s) as the image impedances of the 
corresponding prototype sections when w’ = w).. 


Correspondence (1) is fulfilled in this case by choosing the + sign 
in Eq. (18-10). Equating Eqs. (18-9) and (18-11) and evaluating each 
side at the appropriate frequencies indicated above, two equations are 
obtained from which the eyuations in part (b) of Table 18-1 may be 
derived (with the help of the information in Figs. 18-16 and 18-17) by 


solving for.7,, and Z,,. 
The end sections, So, and S. o4,. must be treated as a special case. 


Defining Z.. (jw) as the impedance seen looking in the right end of the 
parallel-coupled section S), in Fig. 18-1(a), with the left end connected 


to the input line of impedance Z), the following correspondences are forced 


with respect to Z'. (jw') indicated in Fig. 18-17: 
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(1) ReZ, (jwy) = eZ, (jw,) for the parallel-coupled — 
terminating circuit, just as ReZ; (jo) = ReZi (-jw}) 
for the terminating circuit of the prototype. 


(18-14) 


(2) IaZ. (jw, )/ReZ; (jw,) must equal X'/R’ = 
InZ)) (-ju')/ReZ? (-yo}) corputed from the prototype. 

Defining 
p stint cael date 
R_ 2 sin 6, 2 Se 

and 

ahi: 2.0), 
aN (18-16) 


’ 
R, 2 tan @, 
it can be shown that Correspondence (1) in Kas. (U8-14) will be obtained if 
YQ = cot 8, (18-17) 


is satisfied, where 0 = mw,/dw,. Further, Correspondence (2) requires that 
> ae aie ty 
GortrU th Pe SG pes “et 0 (18-18) 


be satisfied. Substituting Ry, (UB-17) in Kq. (18-18), and solving for 
(Ze) and Ae aie yields the results in Part (a) of Table 18-1. Even t 
if R, = Z,, the above conditions will generally result in an impedance 
level for Z, (jw) of the band-pass filter which is different from that of 
Zi, (Jw) for the prototype. The impedances of the interior sections must 
therefore be corrected by multiplying by the scale factor s indicated in 
Table 18-1. 


3. Procevune Fon DERIVING THE EQuations IN Taste 18-2 


Figure 18-18 shows the manner in which the modified prototype at (a) . 
in Fig. 18-16 is broken into sections and the elements specified for 
deriving the equations in Table 18-2. Note that in this case, the end _ 
impedance inverters, Ky, and Keir are both made equal to the terminating 


resistances R, = R,. For the end inductances, L,, = L,. = R 68: however, | 
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Q0-2520-T8-176 


FIG. 18-18 
MODIFIED PROTOTYPE FOR DERIVING THE EQUATIONS IN TABLE 18-2 


| Soe ee enser tL. ., are made equal sto, 2L so that the structure can 
a2 eo} a,a-l al 
be broken into symmetrical sections without need for end sections. Using 


the indicated values for the L,,, the K, 4+, are obtained by use of 


Peete) Gothen all of the sections ace designed by use of Fqs. (18-9) 


to (18-12). and the correspondences given in (18-13): 


4. Paocepune For Deatvinc THE Equations IN TaBle 18-3 


Figure 18-19 shows the modified prototype used for deriving the 
equations in Table 18-3. In this case most of the structure is in the 


‘eae : re i as ; 7 
form shown at (b) in Fig. 18-16. However, inverters Jor Iya? be Ages 


and J, ne, have been omitted. Here. L, and C, have the same values that 


they had in their original prototype form in Fig. 18-5. Capacitor C, is 


c 2C. yt 92 (1-4), Cp eC) ys Sa = 49,,C, = 249, Q0-2976-79-179 
FIG. 18-19 


MODIFIED PROTOTYPE FOR DERIVING THE EQUATIONS IN TABLE 18-3 
( Porometer d may be used to adjust the impedance level in the center 
part of the filter. In the example of Fig. 18-13, d was chosen as one- 
half, to split Cc. C, + or in holf.) 
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split into two parts, C, and-Cy, and the parameter d is used to establish 
what fraction of C, becomes C). Then the capacitance values C63 Cas 

= C, a-2 4re established so that all of the interior sections can be 
broken into symmetrical sections. The interior sections are then related 
to parallel-coupled sections as at (b) in Fig. 18-4 by dual procedures 
to those used for the interior sections for Tables 18-1] and 18-2. The 
parallel-coupled sections are then converted to stub form by the equiva- — 
lence at (b) in Fig. 18-4. The end sections are designed by forcing the 
stubs to have Fewteances at w= Ww, and w = w, (on a normalized basis) which 


are the same as those of the corresponding prototype elements, L, and Cc). 


at w’ = 0 and w’ = aoe respectively. 


This same genera! viewpoint should be “useful for designing filters 
in the form in Fig. 18-1(d) [also as in Fig. 18-1(c)] to give some de- ; 
sired impedance level in the interior part of the filter. To accomplish 
this, the prototype in Fig. 18-18 should be converted to its dual form 
analogous to that shown at (a) in Fig. 18-16. Then the capacitor C, is 


split, just as C, is split in Fig. 18-19. The resulting design equations 


are 
Cc, = 2dg, ’ 
bok Bo, 
Y sie Pe : 5) 
O lee? to a-3 Ebay 
J 
kh, bol 
| Os = Y M a) as 
nati k=l to n=} - oh lh V5 ; 
, rs hy Ad ea 8 
ii ene ge BoVyv, (1 - dg, tan Oy. tN he 
Y | Y y? + y? 
AA gat es Bay a-k?¢) k-l,k kh, kel 
Yevee Verve Wes n-b,n-he) Jas nen . 
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Although this technique has been used successfully for achieving small 
adjustments in impedance level within a filter, the filter-response 
accuracy resulting when this technique is used to achieve large changes 


in impedance level has not been tested. 


5. SELECTION OF MAPPING FUNCTIONS 


Previous work of Cohn,! and also the plots presented herein, show that 
when the function in Eq. (18-4b) is used as indicated in Fig. 18-6 or 
18-7 to map the response of a low-pass prototype, it will predict quite 
accurately the response of bandpass filters of the form in Fig. 18-1(a) 
having narrow or moderate bandwidth. Although the function in Eq. (18-4b) 
is very useful, it should not be expected to give high accuracy for wide- 
band cases because it 1s not periodic (which the filter response is), nor 
AGEs it go to infinity for w = 0, moos 4a), etc., which iS necessary in 
order to predict the infinite attenuation frequencies in the response of 


the bandpass filter structure. It might at first seem that the function 


aw \ Tw) 
F,{ = cot ( (18-19) 
W 209 


would solve this problem nicely, since it is periodic as desired, it varies 


similarly to Eq. (18-4b) in the vicinity of w), and it has poles at the 
desired frequencies w = G6, 2,. 4w), etc. However, if the structures in 
Figs. 18-1 are analyzed, it wi!l be seen that no matter what value of 

nis used, the poles of attenuation at w = 0, 2%), 4w), etc., are always 
first-order poles.° Meanwhile, an n-reactive-element prototype as in 

Fig. 18-5 (which will have an nth-order pole at w' = ©) will map so as 

to give nth order poles at w =0, 2), etc., if the function in Eq. (18-18) 
is used. This important source of error 1s corrected in the case of 

Eq. (18-40) by replacing cot (Tiw/ 20, ) by cos (m1/2w.)/|sin (17/204), 

and then taking the nth root of the denominator. In this manner the poles 
generated by the zeros of lsin (71/204 ) | become of 1/n order, which causes 
the nth-order pole at w’ = © for the prototype response to map into first- 


order poles of the bandpass filter response at the desired frequencies. 


cals ninemsn harerennaiiamsnsacininite 

he filter form in Figs 18-1(d), a8 w~ 0 the effect of oll of the shunt stubs can be 
1 ena dap Rie ‘ binekey hana cebo* inpedante branch whick wouid produce e first-order pole eZ 
attenuation et w= 0. (One way in which higher-order poles can be genereted is to produce shunt, teroe 
impedance branches elternating with series branches having infinite impedance.) 
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In the case of the circuit in Fig. 18-3, the poles of attenuation 
at w= 0, 2wy, 4u,, etc., will again always be of first order regardless 
of the value of n used. llowever, the series stubs at each end produce 
second-order poles at the frequency @, and at other corresponding points 


in the periodic response. Thus, the 
V|sin (m1/2w,) | 


factor in the denominator of Eq. (18-5) assures that the nth-order poles 
at w’ = © in the prototype response will always map to first-order poles 
at w= 0, 2w,, etc., for the band-pass filter response. In addition, the 


factor 


is introduced to cause the nth-order pole at infinity in the prototype 
response to map to second-order poles at w, (and other periodic points) 
for the band-pass filter response, Jn this manner, all of the proper poles 


of attenuation are introduced with their proper order. 


These principles can also be applied to the structure in Fig. 18-2, 
but this structure presents some new difficulties. It can be seen that 
this structure will develop nth-order poles of attenuation at w, and 
corresponding periodic points, but the half-wavelength stubs also introduce 
additional natural modes of oscillation which create, in addition to the 
desired pass band, a low-pass pass band (and corresponding periodic pass 
bands) as shown in the response in Fig. 18-10. This additional low-pass 
pass band approaches w, quite closely, with the result that, although the 
pole at w, is of relatively high order, its effectiveness is weakened by 


the close proximity of this low-pass pass band. The function 


F(>) + anf) (18-20) 


© Thie con be seen 8 followe: For w2w , @ach of the series stubs represents ean infinite- 
impedance series branch For thie single frequency, the interior part of the filter can be 
replaced by an equivalent T-section with @ finite ehunt impadance. Thus, the structure cen be 
reduced (for the frequency w) to two, series, infinite-impedance branches sepereted by a 
finite, shunt-impedance brench. This can be seen to result in « second-order pole of attanu- 
ation. (Jf the impedence of the equivalent shunt branch hed been sero, the pole of attenuation 
would have been raised to third order,) 
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for the case of w/w = 0.50 would map the prototype response to Bive a 
low-pass pass band, an nth-order pole at w.,, and the desired pass band 
centered at w, However, it would not properly predict how close the low- 
pass pass band comes to w,, nor could it account for the oversize attenu- 
ation ripples which occur in this band (see rig. 18-10). As a result, 

the function in Eq. (18-20) predicts an overly optimistic rate of cut-off 
at the edges of the pass band centered at wy It 1s probable that a useful 
approximation could be obtained by using a mapping function such as that 

in Eq. (18-20) with additional factors added which create zeros in 

F (w/w), close to, but somewhat off of, the jw axis (regarded from the 
complex-frequency point of view). Proper location of these zeros could 
then be used to extend the low-pass: pass aes upwards toward w,, which 


should give the proper effect. 


315 


10. 


1}. 
12. 


13. 


14. 


15. 


REFERENCES 


S. B. Cohn, et al, “Research on Design Criteria for Microwave Filters,” Final Report, Chap. 4, 
SA Project 1331, Contract DA 30-039 SC-o4025, Stanford Research Institute, Menlo Park, 
California (June 1957). Also, S. B. Cohn, “Purallel-Coupled Transmission-Line. Resonator 
Filters,” Trans. IRE Vol WIT-6, pp. 223-231, (April 1958). 


Final Report for SRI Project 1331 (see Reference ©] above), Chapter 3, also: Jones, E. M. Ts, 
“Synthesis of Wide-Band Microwave Filters to have Preseribed Insertion Loss," IRE Convention 
Record, 19545 National Convention, Part 5, pp. 119-128. . 


Richards, P. ., “Resistor-Transmission-Line Circuits,” Proc. IKE 30, pp. 217-220, (February 1948). 


Ozahi, H. and Ishii, J., “Synthesis of Transmission-Line Networks and the Design of UNF Filters,” 
IRE Trans. PGCT-2, pp. 325-336 (December 1955). 


Ozaki, H., and Ishii, Jo, “Synthesis of a Class of Strap-Lane Filters,” IRE Trans. PGCT-5, 
pp. 104-109 (June 1958). 


A. J. Grayzel, “A Synthesis Procedure for Transmission Line Networks, [RE Trans. PGCT-§, 
pp. 172-181 (September 1958). 


N. BR. Welsh and E. S. huh, “Synthesis of Resistor-Transmission-Line Networks, " Report No. 74, 
CAR Contract Nf-onr-20529, Electronics Research Laboratory, University of California, 
Berkeley, California (July 15, 1958). 


Final Report for Naf Project: 1331 (see Reference ] above), Chapter 4.. Also: EF. M. T. Jones 
and J. T. Bolljahn, “Coupled-Strip-Transmission-Line Filters and Directional Couplers,” 


IRE Trans PCVIT-4, pp. 75-81 CApral 1956). 


fs As Guillemin, Synthesis of Passive Networks py. 371 (John Wiley and Sons, New York, N.Y., 
1957). 


L. Weinberg, “Network Design by Use of Vodern Synthesis Techniques and Tables,” Tech. Memo. 427, 
Hughes Aircraft Company, Research Laboratories, Culver City, California (April 1956). Also, 
Proceedings of the National Electronics Conference Vol. 12, (1956). 


See Chapter 13 of this report. 


Reference Data for Radio Engineers, 4th ed. pp. 188-198 (International Telephone and Telegraph 
Corp., New York, N.Y.). : 


S. B. Cohn, ee al, “Strip Transmission Lines and Components," Final Report, Chap. 3, 

SAT Project 1114, Contract DA 36-039 SC-63232, Stanford Research Institute, Menlo Park, 
California (February 1957). Also: S. B. Cohn, “Shieided Coupled-Strip Transmission Line, ” 
TRE Trans. POGMTT-3 pp. 29-38, (October 1955). 


Final Report for SAL Project 1331 (see Reference ] above), Chap. 2. Also: S.-B. Cohn, 
“Direct -Coupled-Resonator Filters," Proc. IRE 45, pp. 187-196 (February 1957). 


Design data for coupled-lines as shown in Fig. 18-12 have been prepared. See Chapter 7 of 
this report. : 


316 


\. 


CHAPTER 19 


AN EXPERIMENTAL WIDE-BAND, BAND-PASS FILTER 


GENERAL 


The objectives of this trial falter desiph were 


(1) To provide an initial design for an S-band, band-pass filter 
to be used in a diplexer requested by the Siynal Corps. [It 
was decided 9 use a form of construction such that an X-band 
verston of the samé filter (required for another diplexer 
also requested by the Signal Corps) could be designed by 
samply scaling the dimensions of the S-band model. } 


(2) To test the practical usefulness of the design methods dis- 
eussed an Chapter L8. (In particular, vt was desired 
to find out how much the discontinuities at the junctions be- 
tween the stubs and the main transmission line would disrupt 
the idealized design and canse deviation from the desired 


response ) 


(3) To obtain some approximate equivalent circuit data for the 
double stub, plus junctions which are desirable for a stub 
filter of this type, and to find out aif the junction effect 
can be compensated {These data with facrlitate the design 
of other filters of this class in the future ) 


Phe over-all design approach for the diplexer will be discussed in 
Chapter 20. For the present it is enough to note that a filter is required 
having at least an octave bandwidth «with a lower cut-off frequency of 
2Me, a very rapid rate of attenuation rise below 2 kMc, and 0 5 db 
Maximum attenuation in the pass hand The design methods described in 
Chapter 18 of this report should be very useful for such a design, 
and in particular, the type of filter in Figs 18-3 and 18-1] of that 
chapter should be particularly desirable. That type of filter has infinite 
attenuation points at finite, stop-band frequencies by virtue of series, 
half wavelength (at the mid-band frequency) stubs at the ends of the filter. 
ewer, eince it was desirable to be, able to seale this design to X-band 
and tle end stubs would be very difficult to fabricate in a scaled-down 
X-band version, it was decided to eliminate these end stubs The form 


chosen for the filter consisted of a main transmission line with 
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short-circuited, quarter-wavelength (at the mid-band frequency) shunt stubs 
spaced at quarter-wavelength intervals along the line | This latter type of 
filter does not have as rapid arate of cut-off (for a given number of circuit 
elements) as does the first-mentioned type, but it is simpler to fabricate, 


Since it does not use series stubs at the ends 


B. .. COMPUTATION OF FILTER ELEMENT VALUES 


The filter was designed from a lumped element, Tchebyscheff low-pass” 
prototype having n - 10 reactive elements and an 0.10-db pass-band ripple. 
The low-pass prototype element values were obtained from the tabulations 
in Chapter 13 of this report. The lower-band-edge frequency normalized 
with respect to the mid-band frequency, lrg: was taken as f,/f, = 0.630 
which implies a normalized upper-band-edge frequency of f/f = 1.370 
(see Fig. 18-7) and gives a hand-edge ratio of fo/fy = 2.175. The filter 
element values were computed by use of the equations in Part C-4 of 


Chapter 18 with the admittance level parameter d set equal to one. 


An open-wire transmission: line representation of the resulting filter 
is shown in Fig. 19-1. Note that all of the shunt stubs (except the end 
stubs) have been replaced by double stubs in order to double the impedance 
level of the interior stubs This was done because the filter was to be 
fabricated in strip-transmission-line form. and if single shunt stubs were 
used in the interior of the filter they would have to be very wide and 


might create large junction effects 


The element values for the circuit in Fig. 19-] are shown in 
Table 19-1. For convenience n =~ 10 was chosen for the computation of the 
filter design because that is the largest value of n for which tabulated 
values of the low-pass prototype elements were available. However, in 
order to obtain the desired high rate of cut-off, n= 13 was required. 
Thus having computed the design as for an n= 10 Tchebyscheff filter, three 
additional sections identical to section S., were then inserted at the 
middle of the filter.! The design obtained in this manner is not quite the 
same as would have been obtained if an analogous, Tchebyscheff, lumped- 
element, low-nass prototype with n = 13 had been used However, the dif- 
ference should be small 


NE RTE mnths a tbe oni sane w b= Segue) ios apeee nein 


‘ Using d = 1 gives the name results an would be obtained if the design were firat computed ia 
perallel-coupled form by use of Table 18-2 and then converted to stub filter form (see Chapt. 18). 


t For e definition of “section” os used herein see Sec. NW of Chapt. 18, 
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FIG. 19-1 


OPEN-WIRE TRANSMISSION LINE REPRESENTATION OF THE WIDE-BAND 
BAND-PASS FILTER UNDER DISCUSSION 


TABLE 19-4 
ELEMENT VALUES FOR A RAND-PASS FILTER OF THE FORM IN FIG. 19-1 
HAVING n= 13, A RAND-EDGE RATIO OF f/f; * 2.175, -AND 
APPROXIMATELY 0.1 db TCHEBYSCHEFF PASS-RBAND RIPPLE. 


2 ee ohme fey ele eae ohne 


0 4 10 
Zz, = 215 = $2.8 a Sd 7, ina 39.64 } 
Cee al i ERY Rel Ai WA TO TI 
24 = 210 seam, Gf 26 6 = 79.9 = 39 8 
= es =; f =< 2 
72.3 “USNS ar a4 74 52.0 
2, = can Helis Tha § As Pr 728 = 39.8 
= 4 = 9 ; 
744 710.11 38.9 Z, 52.0 
These element values eere computed aa described an Sec. €-4 of Chapter 18, Using @ 
low-pass prototype eith vn 10, The fanal design eas augmented to become an a = 13 
design by tnserting on the middle of the falter three additional sections identicel 
to Section S, _, For a defination of “section” as used herein see Sec. R of 
Chapt. tA,” 


on JUNCTION EFFECT AND CHOICE OF PHYSECAL CONSTRUCTION 


As was previously mentioned, one consideration in the choice of con- 
struction was that it should be possible to scale the filter design for 
use at X-band. Other considerations were that the filter should have very 
-low loss (hence, dielectric support material was to be avoided), and that 
the construction should be chosen to minimize the junction effect at the 


stubs so that the actual performances would agree with the theoretical 
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“Using strip-transmission-line or coaxial-line construction, the junction 
effects can be reduced by keeping the ground plane spacing or the outer 
shield, respectively, of relatively small size. However, in order to be 
able to scale che design to X-band, these dimensions cannot be reduced 
very much Iaving established reasonable dimensions for the outer shield; 
the question remains as to whether strip-transmission-line or coaxial-line 


construction will have the least junction effect. 


Previons! work: ob thiseecont Fach, aitows, thal the equivalent circuit. for 
a strip-transmission-line T-junction is as shown at (b) in Fig. 19-2, where 
the terminal planes are defined at (a) Using strip transmission lines with 
center conductors much wider than they were thick, one of the most signifi- 
cant properties manifested in the equivalent circuit was that the trans- 
former turns ratio 1A decreased considerably at the higher frequencies. 
This effect is believed to result from the dimensions of the junction being 
a significant portion of a wavelength, hence operating like a transmission- 
line transformer. In the case of coaxial line of comparable size, this 
transformer ratio +A is found to be less frequency sensitive, which is to 
be expected since use of round center conductors reduces the maximum dimen- 
sions at the junction. However, Hef. 1 shows that the magnitude of the 
junction susceptance B, is much larger than in the case of corresponding 
strip-line T-junctions, This is believed to be due to the fact that when , 
forming a T-junction from coaxial line, part of the side wall of the outer 


conductors must be removed in order to form the junction. This reduces the 


(b) 


Ma-2326-1T0- 200 


FIG. 19-2 
EQUIVALENT CIRCUIT OF A STRIP-LINE T-JUNCTION 
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net capacitance per unit length of the lines in the vicinity of the junction, , 


hence calls for a negative susceptance in the equivalent circuit in order 


to account for the reduction in capacitance inthe vicinity of the junction. ° 


From these observations it was decided to use strip-transmission-line 
construction with rectangular bar center conductors Making the center 
conductors rectangular reduces the junction dimensions (for given ground 


plane spacing and line impedances) as compared with a junction of strip 


lines with thin wide center conductors Thus, the bar center conductors 
should result in less frequency sensitivity in ¥A. Also, using any strip- 
transmission-line configuration the outer conductor (t.e., the ground 


planes) are not disturbed in the region of the junction so that the 


Junction susceptance should not be excessive. 


The construction details of the filter design and the important di- 
mensions are shown infFigs. 19-3 to 19-5, and a photograph of the in- 
terior of the completed filter is shown in Fie. 19-6. The center 
conductors and shorting blocks were made of brass while the ground planes 


are aluminum. 


Gite ie a CR e ake 
SiR ROO) haere datos 
“hae Rg eee eee eee 
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a 38.68 : 
0 225° dio N n N “ SHORT-CIRCUIT BLOCKS 
ROUND ROO fo} to) ro) ° 
FOR TERMINATING ° : - ist 
LINE or oa sad @a-2d80-10-808 
FIG. 19-3 


LAYOUT OF STRIP TRANSWVISSION LINE BAND-PASS FILTER WITH 
UPPER GROUND PLANE REMOVED 


Reference 1} shows e@ positive sign for the Junction susceptence of @ coaxial line 
T-junction. It is believed that this sign is in error and should have been negetive 
which is, of couree, necessary in order to represent negative (1.¢., subtracted? 


cCapecitence. 
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FIG. 19-4 ; . 
SOME CONSTRUCTION DETAILS OF THE BAND-PASS FILTER 
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FIG. 19-5 
DETAILS OF TRANSITION FROM FILTER TO TYPE-N CONNECTOR 


FIG. 19-6 : 
PHOTOGRAPH OF WIDE-BAND BAND-PASS FILTER 
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Working back from the measured results discussed in Sec. D below 


an Gouin lene circuit for a typical plus junction of this filter was de- 


duced and is shown in Fig. 19-7. Although the numerical values in this 


equivalent circuit are probably of only moderate accuracy, they should 


give a good picture of the nature of the junction effect in such plus | 


As was hoped, the frequency sensitivity of the transformers 
They probably had some 


junctions 
in the equivalent circuit appeared to be slight 
effect, however, as is evidenced by the fact that the filter band-edge 
ratio is slightly larger than specified (Previous data on T-junctions- 
show that vA tends to decrease at higher frequencies, an effect which 
would tend to widen the pass band of a filter of this type.) No attempt 
was made to obtain numerical values 
T-junctions for the single stubs at the ends of the filter However, 1t 
should be noted that in the case of the T-junctions at the ends of the 
filter, either the junction susceptance is less or the position of the 
reference plane P, is different since the end single stubs were required 
to be 0 035 inch if Sa than the double stubs — in the rest of the filter 


(see dinens ions for l in Fip. 19-4). 


Once we have an equivalent circuit of the sort in Fig. 19-7 for the 


plus junctions, we compensate for the junction effect as follows The 
effective electrical distance along the main conductor between sets of 
stubs is measured from the reference planes P, Similarly, the lengths 
of the short-circuited stubs are measured from the reference planes P,. 


but the lengths of the stubs must be computed so as to bring about shunt 


resonance at the frequency f, with the susceptance JB, shunted across their. 
terminals. If sd deviates appreciably from one, this must, of course, also 
be accounted for in the design However, in- most cases it will be desirable — 


to choose the filter construction so +A will be very nearly unity, since if 


it deviates much from unity it becomes frequency sensitive. 


D EXPERIMENTAL RESULTS 


- 


The design center frequency for this filter was fg * 3.225 kMe which 


corresponds to.0.915 inch for one-quarter wavelength in air. Since no 


electrical data were available with regard to the type ef junctions in 


this filter, the various stubs were spaced apart by 0.915 inch (measured ~ 


between their centerlines) and all of the stubs were set to be 0.915 inch 


long (measured from the centerline of the center conductor to the short- 


circuit blocks) The resulting response had a bandwidth ratio of 


for the parameters associated with the 
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ESTIMATED EQUIVALENT CIRCUIT FOR TYPICAL PLUS-JUNCTION 
IN THE FILTER OF FIGS. 19-3 TO 19-6 


fa/fy ~ 2.20, which is reasonably close to the desired value of 2. 50 ae 

the pass-band VSWR was reasonably good (there were VSWR ripples with very. 
low minima and with maxima ranging from 1.5 to 2 05), but the center fre- 
quency was considerably higher than desired Venenn twas i, = 3.860 in- = 
stead of 3.225 kMc) The short-circuit blocks on the stubs were then 
readjusted to lengthen the stubs with the objective in mind of obtaining 
‘the optimum pass-band response regardless of what value fy might come out” 


to have. ° 


After several trial adjustments of the stub lengths, the response in 
Fig. 19-8 was obtained using the stub lengths indicated in Fig. 19-4, a 
This response hasa band-edge ratio uee of 2.214 which exceeds the de-@ 
Sired value by 0 039. The pass-band reflection-loss ripples have peaks 
that, for the most part lie between 0.10 and 0.16 db, which is satisfac- 
torily close to the 0.10-db objective. The minimum insertion loss is 
about 0.2 db (near the center of the pass band) while the insertion loss 
runs about 0.5 db near the edge of the pass-band. This higher insertion 
loss near the band edges is to be expected since dissipation loss always 
increases markedly near cut-off ¢ The lower stop band is seen to reach 
‘a level of 35 db at a frequency which is 92 percent of the cut-off 
frequency. The center frequency is es = 3.600, which will have to be cor- 
rected in the final design of the filter for the previously mentioned: 


diplexer. ® 


Rough measurements were made on this filter up to 11 kMc. It was 
found to have a second pass band Starting at about 9.1 kMc. If there 
were no junction effects, this second pass band would: have been expected 


to occur at 9.44 kMc Also, some narrow, spurious responses were noted 


7 


at about 7 kMc where, according to idealized theory, the attenuation 
should be about the highest Reasons for these spurious responses can,  _ 
however, be readily deduced as follows, if the effects of imperfect tuning 


are considered 


—_—_———— 


° . d s ’ 
By adjunting the stub lengths for optimum pass band response the proper ratio between the lengths 
of the connecting lines and the lengths of the stubs was found. Then to chenge the center fre- 
quency the lengths of both the connecting hines and the stubs muat be changed proportionelly. 


The center conductors of this filter are brass. If these parte ore silver plated, the disvipas 
tion Joss of this filter should be reduced significantly since brass has about twice the skin ; 
resistance of silver. ” 


> Resides a change in f., the final design for the diplexer will include other modifications needed 
for connecting this ‘iter in series with a low-pass filter (see Chapter 20). 4 


ry 
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MEASURED RESPONSE OF THE FILTER SHOWN IN FIG. 19-6 


For the frequency f = 2f, the stubs and connecting lines are ideally 
exactly A,/2 long For frequencies in that vicinity the circuit can thea 
be represented by a transmission line periodically shunted by series- 
resonant circuits as indicated in Fig. 19-9, Since the connecting lines 
are all Ag/2 long, they cah , as a narrow-band approximation, be removed 
and all of the shunt circuits connected together in parallel. It is 
readily seen that if all of these shunt circuits resonate at the same fre- 
quency they can be replaced by a single shunt branch and no spurious re- 
sponses are possible. However, if the shunt branches do not all resonate 
at the same frequency the network becomes a Foster-form reactance 
network. The net shunt susceptance will then oscillate between zero 


and infinity over the frequency range of the various resonances, and 
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spurious responses will result * It also appears that such effects could 


also come about in other ways For example, if all of the shunt circuits — 


resonated at the same frequency hut tue connecting lines varied in length 
with respect to each other, the varying influence of the connecting lines 
night tend to create an effect similar to that of the reactance function 
network described above In addition it is seen that if two stubs are of 
‘different length from that of their connecting line, the connecting line 
could operate like a A/2 resonator with shunt-coupling susceptance at its 
ends. This latter effect does not happen nn a perfect ty tuned | circuit 

because the suscentance of the shunt stubs varies rapidly at the »rover 


frecuencies 


Ba-gd2e -18- 808 


FIG. 19-9 


EQUIVALENT CIRCUIT OF THE FILTERS IN FIG. 19-1 AT FREQUENCIES IN THE | 
VICINITY OF 2f = 2fy WHERE f) IS THE PASS-BAND CENTER 


It should We noted that since -narallel-counled filters have stub 
filter equivalents, such spurious responses are to he expected also in 
parallel-coupled filters that are not perfectly tuned. Since nerfect - 
tuning throughout a filter is difficult to achieve, if stub or parallel- 
coupled filters are to be used for applications where narrow snvriovs re- 
sponses in the vicinity of 2f, would be objectionable, additional neans 
should be provided to suppress such resnonses. 

SAN Lilac a Be A in hon SN EAC 


° 
This picture of the manner of operation is, of course, very approximate since it neglects 


the frequency-sensitive effects of the connecting lines ee f deviates from To: 
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CHAD in 120 
MATHEMATICAL ANALYSIS OF DIPLEXER DESIGN 


A. GENERAL 


As has been mentioned in Chapter 19, the Signal Corps requested 
two diplexers, one of which’ was to send signals in the |- to 2-kMe band 
out one channel and signals in the 2- to 4-kMe band out another channel.” 
The insertion loss was to be 0.5 db or less to as close to the 2-kMec 
crossover frequency as possible, and the cut-offs in the crossover region 
were to be very rapid. In this chepter the design method used for this 
diplexer will be described, and the results of a mathematical analysis 


of a simplified version of the diplexer design will be presented. 


B. <A VIEWPOINT FOR DIPLEXER DESIGN 


A common approach for diplexer design in the past has been to use 
the image impedance design viewpoint and fractional terminations.’'! 
At present, however, there are insertion loss design methods available 
which, in many cases, give precision filter designs much more easily 
‘than if image design methods were used. Consequently, it is desirable to 
investigate suitable means for diplexing filters which were designed 
individually on the insertion loss basis. The diplexer design method 
described herein is in many respecis equivalent to the image theory 


fractional termination method, however, it makes no use of the image 


impedance point of view. 


At (a) in Fig. 20-1 is shown a low-pass filter and a high-pass filter 
with dotted lines indicating wires for connecting these filters in series. 
If each of these filters were designed to operate normally with pure 
resistance terminations at both ends, their normal performance would be 
greatly disrupted by this connection. This disruption would be due to 
the fact that although each filter exhibits a nominally resistive input 
impedance in its individual, pass band, each filter also exhibits large 
reactive impedances in its stop band. Thus if the filters shown at (a) 


in Fig 20-1 have contiguous pass bands, the band pass filter will 


SR, 
s 


A similor design was also desired for X-band. 
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FIG. 20-1 
FILTERS CONNECTED IN SERIES 


introduce a large reactive component in the terminating impedance seen 
by the low-pass filter in the pass band of the low-pass filter, while t 
low-pass filter will introduce a large reactive component to the termin 
ing impedance seen by the band-pass filter in the pass band of the band 


La 
T 


pass filter. 


The large stop-band reactive components of the input impedances 
Z, and Z) of the filters at (a) in Fig. 20-] are due largely to the ser 
reactances X, and X; shown. If these are removed, the remaining input 
impedances Z, and Z, have the same real part characteristics but much © 
smaller stop-band reactances Thus, to form a diplexer, Xx, and x) are. 
removed and the remaining circuits are connected as shown at (b) in © 
Fig. 20-1 Next an additional reactance , Y” is introduced to further 


adjust the imaginary part of Z, in order to cause 


BF See eae Sen ey (20-1 


330 


to ap, reximate a pure resistance equal to R, as nearly as possible. * 

As can be deduced from the mathematica! example about to be presented, 
in the pass band of the low-pass filter Zz) toy) X"" represents under the 
conditions described above, a reactance about equivalent to Xie is that 
band, so that the low-pass filter will operate very nearly in its normal 
fashion throughout its pass band Likewise, in the pass band of the 


band-pass filter, 2, + ) X' represents a reactance about equivalent to 


6 


XN, in that band, so the band-pass filter will operate very nearly in its 
normal fashion throughout its pass band liowever, the removal of the 


series branches X and x} may result in some reduction in stop band 


attenuation of one or both filters.! 


The principles described above will be illustrated shortly in a- 
numerical example. This same viewpoint may also be used for the design 
of parallel-connected diplexers by simply using the above viewpoint on 


- the dual basis. 


C. FILTER CINCUITS FOR THE REQUIRED DIPLEXERS 


It was decided to use in the diplexers for the Signal Corps a low- 
pass filter designed from a Tchebyscheff prototype with 0.10 db pass-band 
ripple and a = 15 reactive elements. Tabulated element values are not 
available for Fcehebyscheff filters with this many elements, so that it 
was decided to use a corresponding design with n = 9 elements? and then 
repeat the two middle elements of the design a number of times in order 
to increase the number of elements to fifteen.5 This gives a design 
Giffering slightly from a true n ~ 15 Tchebyscheff design, but the differ- 
erce will be smal] Figure 20-2 shows the circuit for this filter and 
Table 20-l gives element values for the resulting low-pass filter with 
the impedance level normalized so that RY - Ry, - Lb, and with the frequency 


scale normalized so that the equal ripple band-edge frequency is @® = 1. 


It was decided to use band pass filters of the type discussed in 
Chapter $9 for the bhipgher-frequency channel of the diplexers.Wowever, in 


order to use the design viewpoint just discussed it will be necessary 


This assumes that the normal terminating impedance next to Zq and Z, for the individual 
filters +s AL, et also assumes that the f-equency responses of the filters are scaled to 
antersect close to the 3 db points. 


t The decrease in stcp bend attenustion resulting from the removal of X; and Xj is lergely 
compensated for as a result of the input voltage reduction an the stop band of each filter 
due to the serses loading of the other falter. 

£ The validity of this procedure can be seen more easily from the image design viewpoint, 
Working from that viewpoint at 18 common practice to use certain matching end sections with 
any number of identical interior sections. 
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FIG. 20-2 
LOW-PASS FILTER CIRCUIT FOR DIPLEXER 


TARLE 20-4 
NOU ALI ZING ELEMENY VALUES hg 
LOW-PASS FILTEM IN FIG. 20.27 


These element values were obtained from ann = 9 reactive 
element, Tohebyscheff law spas fitter with o.} db Tapple 

and with the equal-ripple band edge at “, = I. Then 9 
filter was augmented to become an an = 15 reactive element 
design as described in the text, 


Ae RES eT bos 2),. = 2.2083 | 
Lek, = 1.1956 Cg = Cig = 1.6167 s 
Gye Y aU RASS ES OE a 2, 2088 

ai! = 2.1345 > c, = 1.6167 

ae as PN = 1.6167 


for) the filter €6 start out with a series’ stub instead of the shunt stul 
shown in Egat oy Ne ee configuration shown in Fig. 20-3 is then a 
suitable one for this application. Using the design equations in 
Table 18-3, with @ ea (which implies a ef A Be I Wt ah, 18-3 oF this — 
report), ds 1. a /o, = 0.630 (which calls for Tar, 2° 2517598 along wit 
ann = 10 reactive-element low-pass prototype with 0.10 db Tchebyscheff 
ripple, the transmission line impedances shown in Table 20-2 were obtain 
As was done in the case of Table 19-1, the n-= 10 design was augmented b 
additional sections in order to rarse\ the value of n, In this case four 
additional sections were added ta make n= 14 (since in the final design 


one stub will he removed), 


a 
® 
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FIG. 20-3 
BAND-PASS FILTER WITH SERIES STUBS AT THE ENDS 


TABLE 20-2 


LINE IMPEDANCES FOR THE BAND-PASS 
FILTER IN FIG. 20-3 


This n = 14 stub design was obtained by augment ing 


ann = 10 stub design as described in the text. 
ee as = R, = 50 ohms 2405 = Zio. = 39.6 ohms 
Zz, = 214 = 91.3 Z, = 2i9 = $2.1 
Z, = 2), = 34.9 25 6 = Z5.10 = 39.8 
2303 = 210043 47.3 Z, = 2 zs 52.0 
z, = 212 = 50.0 267 = 23.9 = 39.8 
234 = Zhai? 38.9 2, = 2, = §2.0 
2, * 241 = 52.4 228 = 39.8 


As was discussed in Chapter 19 of this report, it ais desirable to avoid 
series stubs in the final design of the band-pass filter for the diplexers 
since it is desired to be able to scale the S-band design to obtain an | 
Y-band design (a series stub would usually be built into the interior of 
the main center conductor). The series stub Z, in Fig. 20-3 provides a 
series reactance corresponding to x) in Fig. 20-1; hence, this stub will 
be removed in the diplexing connection. If the line impedances in 
Tables 19-1 and 20-2 are compared, it will be found that for the lines 
in the interior of the filter, the impedances are identical except for 
the fact that for the case of Table 20-2 there is one additional section. 
However, at the ends of the filters the line impedances Z, to Z, are 
different, and, of course, Table 20-2 omits the connecting lines 


Z ¥ 215 


5 completely. The final design will be a composite of these 
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two deeipns At the diplexer junction enc of the fiiter the elements 
2, (0Zy ys and 2, from Table 20-2 will be used, while at the end of the ; 
filter away from the junction the end elements “ane “9s £4. Za 64: and 7m 
from Table 19-1 will be used Thus the end of the filter next to the 
diplexer junction will be designed as though it were to incorporate aa: 


series stub, but that stub.will be eliminated in the diplexer connectio 


will be designed to use only shunt stubs The remaining elements 


Z,, to 4,1, 4, 


In this manner no series stubs will be required in the final design 


of the filter will then be as indicated in Table 20-2 


Db. . SIMPLIFIED FILTERS FOW USE IN MATHEMATICAL ANALYSIS 

OF DIPLEXER 

In order to check the design approach outlined in Part Bo it was: 
decided to make a mathematical analysis of a simplified version of the 
diplexer This version of the diplexer differs from the planned diplexer 


mainly. in that fewer elements are used in the interior sections of the 


fiiters The cimplifications were antroduced of course, to reduce the — 


amount of computation required 


The simplified version of the low pass filter is the same as the 
filter in Fig 20-2 and Table 20-1. except that elements LY tra uae 
half of €, and C,) are removed: «This leaves: a design with'm@ V reactive 
elements Ihe response of this samplifaed filter was computed with a 
digital corputer and as plotted in big 20-4 with the frequency scale 
adjusted to put the 3 db jount at 2 kMe The 0.2 db ripple near cut off 
is apparently the result of adding additional elements to the original — ‘q 
n= 9, 0,10 db ripple Tchebyscheff design figure 20-5 shows the | ss 
corresponding input impedance Z (see Fig 20-2) normalized with respect 
to the terminating irpedanee as As is expected the imaginary part 1s _ 


relatively small an the pass band but becomes large in the stop band. 


A computer program suitable for computing the response of a symmetric 


filter in the form of Fig 20-3 with an § stubs had been prepared | 
previously In order to utilize this program the simplified band: pass — 
filter was taken as ann ® version of the 2 14. filter in Table 20-2 


to accommlish this, stubs 4, to 2-9 and their connecting lines, along wi 


half of connecting lines 7 and Z,, . were removed The computed re 


4 
sponse of this simplified filter is shown in Fig 20-6 with its frequenc 
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~ 


scale adjusted so that its lower 3 db point falls at 2 kMc. Figure 20-7 
shows the computed input impedance Zi (see Fig. 20-3) normalized to the 


termination impedance Za. 
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FIG. 20-4 


RESPONSE OF THE SIMPLIFIED VERSION OF THE FILTER IN FIG. 20-2 
AND TABLE 20-1 . 
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FIG. 20-5 


NORMALIZED INPUT IMPEDANCE Z,/Zq OF THE SIMPLIFIED VERSION 
OF THE FILTER IN FIG. 20-2 
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RESPONSE OF THE SIMPLIFIED VERSION OF THE FILTER 


IN FIG. 20-3 AND TABLE 20-2 
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NORMALIZED INPUT IMPEDANCE Zj/Z_ OF THE SIMPLIFIED VERSION 
OF THE FILTER IN FIG. 20-3 
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E. COMPUTED RESPONSE OF SIMPLIFIED BIPLEXER 


In the proposed diplexer design L, is removed from the filter in 
tig 20-2 and the series stub Z, is removed from the band-pass filter. 
Then the diplexer connection is as indicated in Fig. 20-8. Figure 20-9 
shows normalized plots of Re Z, for the simplified low-pass filter and 
Re Z, for the simplified band-pass filter (see Fig. 20-8). The only 
place that the two curves overlap significantly is in the cross-over 
region where the sum of the two ‘s indicated by a dotted line. 

Figure 20-10 shows plots of normalized values of Im Z, and Im Z, and 
their sum Note that these two reactive parts cancel each other out to 
some extent in the series connection, but the addition of another series 
reactance can improve the cancellation considerably. A type of reactance 
network which can give the desired effect is the series, antiresonant 
circuit indicated by 7 X" in Fig. 20-8. The resonant frequency of this 
circuit would, of course, occur above the pass band of the band-pass 
filter In the filter structure under consideration it is anticipated 
that this anti-resonant circuit will be realized by a short-circuited, 
radial line, hence, Fig. 20-11 shows the normalized reactance of a pro- 
posed radial line structure, and its effect when added to 

(Im Z2,/Z, + Im Z,/Z,). The reactance cancellation appears to be about 


optimum. 


The main point of this diplexer analysis is to determine the optimum 
design of the diplexer junction so that the individual filters will not 
interfere with each other. A suitable index of how successful the design 
procedure has been is to compute the reflection loss for transmission 
into the terminals Z, in Fig. 20-8. This loss also represents the ratio 
of the available power of the generator to the sum of the output powers 
out from both filters (assuming that. the filters have no dissipation loss). 
This reflection loss was computed and is plotted in Fig. 20-12. It is 
noted that the loss is under 0.10 db over most of the band, but reaches 
a peak of 0 67 db at the cross-over frequency. If desired, the 0.67-db 
peak value could doubtless be brought down by moving the band edges 


of the filter together slightly. 
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FIG. 20-8 


MODIFICATION AND CONNECTION OF THE FILTERS IN FIGS. 20-2 AND 20-3. 
TO FORM A SERIES-CONNECTED DIPLEXER 
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THE NORMALIZED REAL PARTS OF THE IMPEDANCES Z, AND Z, (AND THEIR SUM) 
FOR THE SIMPLIFIED VERSIONS CF THE FILTERS IN FIGS. 20-2 AND 20-3 
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THE NORMALIZED IMAGINARY PARTS OF THE IMPEDANCES 2, AND z,’ 
(AND THEIR SUM) FOR THE SIMPLIFIED VERSIONS 
OF THE FILTERS IN FIGS. 20-2 AND 20-3 
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THE NORMALIZED REACTANCE X"/Z) AND THE RESULTANT TOTAL NORMALIZED 
REACTANCE Im Z./Z, (SEE FIG. 20-8) 
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FIG. 20-12 


THE POWER REFLECTION LOSS FOR TRANSMISSION INTO THE JUNCTION PORT 
OF THE SIMPLIFIFD DIPLEXER 


F. PHYSICAL CONSTRUCTION OF THE SERIES-CONNECTED DIPLEXER 


Probably most diplexers using filters having coaxial or strip 
transmission line construction utilize parallel connection. However, in 
this case it was desirable to use the type of filter discussed in Chapter 15 
of this report as part of the diplexer, and that particular type of filter 
is not suitable for parallel] connection since its shunt, short-circuited 
stubs would tend to short-circuit the low-pass filter. This difficulty 
of the parallel connection is bypassed by the novel series connection 
shown in Fig. 20-13 which was suggested by S. B. Cohn. In this partial 
drawing the band-pass filter is to extend to the left and is constructed 
in a manner similar to that shown in Fig. 20-6. The low-pass filter 
(extending upward in the figure) is of coaxial construction having metal 
disks with dielectric rims to realize the shunt capacitors and using 


connecting wires to realize the series inductances, The series connection 
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is achieved by running the 50-ohm input line through the inside of stub 
Z, (see Fig. 20-8) with the center conductor being connected to the 
center conductor of the low-pass filter. It will be seen that the 
current on one conductor of the input line encounters the input impedance 
of both filters in series before arriving back in the input line on its 


other conductor. Thus, this connection is equivalent to that in Fig. 20-8. 


The anti-resonant circuit y X" in Fig. 20-8 is realized as shown in 
Fig. 20-13 as a short-circuited radial transmission line formed between 
the input shunt capacitive disk of the low-pass filter and a smaller 
additional disk shown in the figure. The spacing between the small disk 
and the adjacent opening of the input line is to be chosen to. give 
nominally 50 ohms impedance from the input line up to the region of 
radial propagation indicated by the brackets marked A. This circumferen- 
tial surface then represents the input port reference surface for the 


diplexer junction. 
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CHAPTER 24 


DESIGN OF A LOW-PASS FILTER FOR THE 1l- TO 4-kMe DIPLEXER 


Povowepass filter of fifteen reactive elements was made, based on 
the equivalent circuit and the normalized element and frequency values 


presented for the low-pass filter in Chapter 20 of this report. 


A matched impedance level of fifty ohms and a 3-db-loss pass-band 
edge at 2.0 kMc were chosen in order for the prototype filter to be in 
conformance with the Signal Corps requirements for the low-pass filter 
section of the lower frequency diplexer. Jt was decided that the higher 


frequency diplexer would be directly scaled from the lower frequency one, 


Construction of the filter is shown in the photograph, Fig. 21-l. It 
is seen to be constructed in coaxial line and to consist of dielectric- 
loaded disks, representing the shunt capacitances of the lumped-element 
prototype, and shert sections of high impedance line, representing the . 


series inductances of the lumped-clement prototype. 


The basis for treating transmission line sections ag lumped elements 
has been given by Cohn! who shows that a very short length of line termi- 
nated in an impedance several times smaller than its characteristic im- 


pedance acts like a series inductance, L, of value 


42, 


henries (2-1) 


v 


where 


4 is the short length of line 
Z, is the characteristic impedance of the line 


v is the velocity of propagation of energy in the line. 


Similarly, a very short length of line terminated in an impedance several 


times larger than its characteristic impedance acts like a shunt capacitance, 


C, of value 


farads, (21-2) 
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those of the Type N coax 1n which measurements were to be made, requiring 
the use of a transition at each end of the filter. The transition used 
consisted of linear tapers in both inner and outer conductors, such that 
the 50-ohm impedance leve] was preserved at cach point along the axis. 

It was about one-quarter wavelength long at the lowest frequency of 


interest. 


The inductive end elements of the filter were given a small] extra 
length, calculated to cance! the junction susceptance caused by the step 


to 50 ohms in the center conductor. 


The final dimensions of the low-pass filter are shown in Fig. 21-2 
Observe that the filter uses split-block construction, allowing direct 
observation of the fit of the center-conductor structure when it is 


installed. This feature shows clearly in the photograph, Fig. 21-1. 


If other filters of this design are made, it is suggested that the 
Type N connector of Fig. 21-3 be used, because this connector design is 
superior to the one actually used on the engineering model of the low- 
pass filter. The connector design of Fig. 21-3 was the one used on the 


band-pass filter of the lower frequency diplexer. 


A graph of the measured response of the low-pass filter is shown in 
Fig.21-4. The measured reflection-loss response is quite close to the 
0.1-db ripple,design value. The 0,2-db ripple at the edge of the pass 
band was anticipated in Chapter 20, and as was stated there, is apparently 
the result of adding additional elements to the nine-element, 0.1-db 


‘ripple, Tchebyscheff prototype design. 


The first engineering model was found to have its band-edge about 
6 percent too high in frequency. The cause of this discrepancy was that 
the lengths of the inductive elements were too great to have their in- 
ductances described accurately by Eq. (21-1). A more suitable representa- 
tion for longer line lengths, also given by Cohn,! is based on a 7 network 
equivalent circuit, in which series reactance, X,, of a length of line is 


related to line length by 


“ws 


x s Z, sin — ohms (21-3) 


s 0 v 


where w is radian frequency. If X, is interpreted as aL, it becomes ap- 


parent that the inductance L must be a function of frequency, and thus no 
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longer equivalent to a lumped element. However, it is practical to let 

A he af at the band-edge frequency and then determine the lengths of line 
that will give the desired performance near the band-edge. Then, if line 
lengths are still relatively small, that is, less than about 1/6 wavelength, 
the variation of inductance with frequency will be small, causing negligi- 


ble performance deviations in the frequency range of usual interest. 


When the lengths of the elements of the engineering model were cor- 
rected, the band-edge was properly located, as shown in the measured 
response curves in Fig.21-4. The filter as shown in Fig. 21-1 was not 
tested to determine the extent of the high-attenuation stop band. However, 
after the filter had been modified to become part of the l- to 4-kMc range 
diplexer discussed inChapt. 22,the extent of its stop band was checked. It 
was found that there were some narrow spurious responses in the vicinity 


of 7.70 to 8.48 kMc; however, at frequencies below this region and 
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frequencies above this region on through X band, the attenuation was very 


high. Thus as the filter stands, the attenuation is good up to 3.85 times 


the cut-off frequency, and with some modification to suppress the spurious 


pass bands in the 7.70- to 8.48-kMc region the usable stop band might be 


extended considerably. 
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CHAPTER 22 


DIPLEXERS FOR THE T- TO 4-kMe AND 4- TO 12.4-kMe RANGES 
AND THEIR MEASURED RESPONSES - 


A. GENERAL 


The Signal Corps requested two diplexers, one to operate in the 
1- to 4-kMc range with the crossover at 2kMc, and another to operate: in 
cme A> to 12.4-kMe range with tlhe crossover at 8.2 kMc. [It was desired 
to keep the loss in the pass-hand at 0.5 db or less to as close to the 
erostover as possible; and the attenuation in the stop-band of the filters 
was to exceed 35 db, a level which was to be reached as rapidly as possible. 
It was also desired that the VSWR be 1.5°or less to as. close to the cross- 


over as possible. 


Chapter 20 of this report describes a proposed design for these 
diplexers and presents a mathematical analysis of its performance. The 
basic design was chosen so that the diplexer for the 4. to 12.4-kMec band 
could be for the most part a scale model of the diplexer for the l- to 
4-kMc range Diplexers for these two frequency ranges were fabricated, 


and details of their construction and their measured responses are included 


herein. 


B. DIPLEXER FOR THE 1- TO 4-kMc RANGE 


The mechanical details of the diplexer for the 1- to 4-kMc range are 
Shown in Figs. 22-1 through 22-6. The higher-frequency channel of the _ 
diplexer is composed of a band-pass filter as shown in Figs. 22-1 through 
22-3. The design of this filter is similar to that of the filter discussed 
in detail in Chapter 19 of this report. The lower frequency channel is 
composed of the low-pass filter shown in Figs. 21-) and 29-2 of this report, 
cut off as indicated in Fig. 21-2. The two filters are connected in series 
using the connection shown in Fig. 22-4. Figure 22-6 shows a photograph of 


the completed diplexer with the cover plates removed. 


Figure 22-7 shows the measured response for transmission through the 
lower frequency channel while Fig. 22-8 shows the corresponding response 
for transmission through the higher frequency channel. (In both cases 


50-ohm terminating or source impedances were maintained at all three ports.) 
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BAND-PASS FILTER STRUCTURE FOR 1- TO 4-kMc DIPLEXER 
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FIG. 22-2 
BAND-PASS FILTER STRUCTURE FOR 1- TO 4-kic DIPLEXER 
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DETAILS OF DIPLEXER JUNCTION FOR 1- TO 4-kMc DIPLEXER 
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FURTHER DETAILS OF CIPLEXER JUNCTION FOR 1- TO 4-kMc CIPLEXER 
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FIG. 22-6 
-kMc BAND DIPLEXER WITH THE COVER PLATES REMOVED 


PHOTOGRAPH OF THE 1- TO 4 


361 


os A Ga eT ae 


} i 
—— ATTENUATION — db 


40 


30 }- 


10 12. 
FREQUENCY —- hic 


ATTENUATION — db 
x] 
° 


MEASURED STOP BAND 
INSERTION LOSS 


PASS BAND REFLECTION LOSS 
COMPUTED FROM MEASURED VSwR 


PASS BAND INSERTION LOSS 
SPOT CHECK POINTS - 


SEE PLOT ABOVE 


ras O02 o4 06 os 10 12 t4 16 18 20 22 24 
FREQUENCY — bMe BO-73726 V9 
FIG. 22-7 


MEASUREC TRANSMISSION CHARACTERISTICS OF THE LOW-PASS CHANNEL 
OF DIPLEXER IN FIG. 22-6 


362 


ATTENUATION — ad 


40 


30 


i) 
° 


ob 
ATTENUATION 


390 33 
FREQUENCY — bMe 


MEASURED STCP BAND 
INSERTION LOSS 


PASS BANO REFLECTION LOSS 
COMPUTED FROM MEASURED VSWR 


PASS BAND INSERTION LOSS 
SPOT CHECK POINTS 


SEE PLOT ABOVE 


30 35 $0 
FREQUENCY — Me 


FIG. 22-8 


43 3.0 


RO-8060-To- ee 


MEASURED TRANSMISSION CHARACTERISTICS OF THE BAND-PASS CHANNEL 


OF THE DIPLEXER IN FIG. 22-6 


363 


In order to detect the details ofr ehe nass band responses, extensive VSWR 
measurements were made ‘in the pass bands and. thre reflection loss was then 
computed from the VSWR values. Insertion.loss measurements were made at 
various spot check points in the pass bands so that the total loss (i.e.,— 
reflection loss plus dissipation loss) would also be evident. These 
measurements were made using tuned pads, the source and load circuits being 
tuned to a very low standing wave ratio with a slotted. line prior to making 
each insertion loss measurement. The cut-off characteristics of the filters 
were also determined by insertion loss measurements. Figure 22-9 shows the 
cut-off characteristics of the two channels superimposed and also the VSWR 


measured at the junction port of the diplexer 


C. DIPLEXER FOR THE 4- TO 12 4-kMe RANGE 


The mechanical details of this diplexer are shown in Figs. 29-10 through 
22-19. In most respects 1t is a scaled down version of the diplexer for 
the l- to 4-kMe range. However, since the filter Structure becomes quite 
small when scaled dewn for use in the 4- to 12.4-kMc frequency range, it 
was necessary to design the special transitions shown in Figs. 22-17 and 
22-18 in order to connect Type-N connectors to the miniaturized filter 
Structures with a minimum of reflection. The Type-N connectors themselves 
were modified as in Fig. 22-19 to Rive low reflection on up through X-band, 
and to rigidly hold the center pin within the connector. The band-pass 
filter cover plate shown in Fig. 22-16 was machined from half-inch thick 
aluminum in order to. provide flat surfaces for mounting the connector tran- 
Sition blocks and the low-pass filter, however, the center part of the cover 
plate was machined to 0.032-inch thickness to give flexibility, which helps 
to insure good contact at the short-circuiting Strips along the edges of the 


band-pass filter. Photographs of the diplexer are chown in Figs. 22-20(a) 
and 22-20(b). 


When the 4- to 12.4-kMc diplexer was first tested, its response ap- 
peared to be quite close to what was expected. However, at around 1] kMe 
there were some points where there was anomalous behavior. At these points 
the VSWR went up sharply to around 354 while the insertion loss went as 
high as 9 ab. After some experimentation it was determined that this 
phenomena was due to a resonance of a ground plane mode within the band- 
pass filter structure. This mode was apparently excited by some dissymmetry 
of the center condvctor structure with respect to the ground planes, Tt 


was found that this behavior could he largely eliminated by insertion of 
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small pieces of polyiron within the structure. This, however, also tended 
to introduce extra loss: Finally, some 0-80 screws were inserted between 
the stubs as is shown in Figs. 22-10 and 22-12 to prevent propagation of 
.a ground plane mode. This stopped the anomalous behavior, but probably 
introduced some mistuning. After some adjustment of the lengths of the 
stubs in the band-pass filter, the responses shown in Figs. 22-21 through 
22-23 were obtained. In all probability the VSWR at crossover (see 

Fig. 22-23) could be reduced to about that of the adjacent VSWR peaks if 
further adjustments were made with respect to the lengths of the stubs in 
the band-pass filter. As was done for the measurements on the lower fre- 
quency diplexer, the source and load impedances were tuned to nearly 
unity VSWR for each insertion loss measurement, except for some measure- 


ments where high attenuation was involved. 
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FURTHER DETAILS OF JUNCTION FOR DIPLEXER FOR THE 4- TO 12.4-kMce RANGE ° 
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COVER PLATE FOR BAND-PASS FILTER STRUCTURE FOR DIPLEXER 
FOR THE 4- TO 12.4-kMc RANGE 
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FIG. 22-17 
TRANSITION FOR JUNCTION PORT FOR DIPLEXER FOR THE 4- TO 12.4-kMc RANGE 
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FIG. 22-18 
TRANSITION FOR BAND-PASS FILTER PORT FOR DIPLEXER 


FOR THE 4- TO 12.4-kMc RANGE 
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MODIFIED TYPE-N CONNECTOR FOR DIPLEXER 
FOR THE 4- TO 12.4-kMec RANGE 
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FIG. 22-20( a) 
PHOTOGRAPH GF DIPLEXER FOR THE 4- TO 12.4-kMc RANGE 
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MEASURED TRANSMISSION CHARACTERISTICS OF THE LOW-PASS CHANNEL 
OF THE DIPLEXER IN FIGS. 22-20( a,b) : 
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MEASURED TRANSMISSION CHARACTERISTICS OF THE BAND-PASS CHANNEL 
OF THE DIPLEXER IN FIGS. 22-20 a,b) 
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VSWR AT JUNCTION PORT OF DIPLEXER IN FIGS. 22-20(a,b) AND LOW-PASS 
AND BAND-PASS CHANNEL CUT-OFF CHARACTERISTICS SUPERIMPOSED 
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CHAPTER 23 


DISSIPATION LOSS IN MULTIPLE- RESONATOR FILTERS” 


A. GENERAL 


In microwave filter design, the formulas and procedures usually assume 
nondissipative ‘structures. The advantage of this assumption is a very great 
decrease in the mathematical labor of designing a given filter. Another 
advantage is that the designer has at his Gisposal a vastly larger variety 
of filter types, design methods, and design formulas, than if he restricted 
himself to design criteria taking dissipation into account. lflowever, power 
dissipation is always present in _a practical filter and as a result the_ 
actual insertion-loss response function will] deviate somewhat from the theo- 
retical response of the ideal nondissipative structure. The deviation is 
most evident in the pass band where it usually appears as an increase in 
the minimum insertion loss, a rounding near the cut-off points, anda partial 
or complete obliteration of ripples. In the stop band the effect is usually 
very slight, except at infinite rejection points, which are reduced to finite 
insertion-loss levels. The loss is usually greater for band-pass than for 


low-pass filters and increases as the relative bandwidth is reduced. 


Although microwave filters are usually designed as though dissipation- 
less, the designer should in each case consider the effect of dissipation 
in order to determine whether his design will satisfy the intended appli- 
cation. This can be done in a standard manner when the image- parameter 
method is used, although an accurate computation would usually be difficult 
for a distributed-constant structure. Another method applicable to the 
calculation of the dissipation loss of coupled-resonator band-pass filters 
is presented in this report. This case is particularly important because 
arrangements of cascaded resonators are so widely used as filters, and 
because dissipation loss can become very large as bandwidth is decreased, 
The method of this report applies to all forms of construction, whether the 
resonators are waveguide cavities, resonant lengths of coaxial or strip 
line. lumped-element circuits, etc. The approximate approach used in com- 
puting center-frequency loss is equivalent to calculating the fields in 
lossless resonators coupled to yield a desired response function, and then 
calculating the power dissipated when these fields act upon the actual dis- 


sipative regions of the resonators. The formula obtained is simple and 


* This meteriel hes been published. See S. B. Coha, “Disnipation Loss in Multiple-Coupled- 
Resonator Filtera,"’ Proc. IRE 47, pp 1342-1348 (August 1959). 7 
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requires a knowledge only of the unloaded Q of the resonators the filter 
bandwidth and the element values of the equivalent low-pass prototype 

from which the multiple-resonator filter was designed The formula applies 
only to the center of the pass band, and assumes that the reflection loss 
is small, and that the dissipation loss does not. exceed n db for very good 
accuracy or 2n db for fair accuracy where n is the number of resonators 
in the filter. However it is shown with examples how all of these con- 
ditions may be removed to obtain the actual insertion loss at all fre- 


quencies through computations on the low-pass prototype circuit 


Although the method used here 1s to assume first a nondissipative 
filter and then to compute the effect of finite Q elements, this is not 
the only possible approach to the design problem. Narrow- bandwidth coupled- 
resonator filters can be synthesized to have any physically realizable 
response function in the presence of dissipation. Dishal gives data that 
may be used for the design of such filters to yield maximally flat  equal- 
ripple and maximally linear-phase response functions when resonators of 
finite unloaded Q are used. *? It turns out that for more than two reso- 
nators the filter must be constructed unsymmetrically in order to obtain 
these exact response functions and that for any given number of resonators 
an infinite number of sets of design parameters will yield the same response 
function Taub and Bogner’ have shown for three resonators and Fubini 
and Guillemin* for any number of resonators that if the requirement of 
minimum pass-band loss is added to the falter specification a single desigr 
will then be uniquely determined in the case of exact maximally flat or 
equal-ripple response By means of Taub and Bogner’s graphs the design 
parameters may be obtained quite readily for three resonator maximally flat 
filters but for the three resonator equal-ripple case and for all cases 
with more than three resonators a laborious computational procedure is 


necessary. 


The works of Taub and Bogner and of Fubini and Guillemin on minimum- 
loss designs apply in detail only to the synthesis of filters having exact 
maximally flat or equal-ripple response tor which it 1s necessary that the 
filter structure be unsymmetrical (except for n = 1 or 2). This dis- 
symmetry produces mismatch loss at band center which is needed to overcome 
the rounding effect of dissipation loss. The rounding results from the 


greater dissipation loss toward the edges of the pass band than at the center, 
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but by introducing mismatch-loss properly, the response may be flattened 
and the exact maximally flat or equal-ripple function achieved. lIlowever, 
it is clear that if this center-frequency mismatch is eliminated, the 
insertion loss will be reduced. Therefore the minimum- loss’ design for 
exact maximally flat or equal-ripple response does not give the least 
center-frequency insertion loss that can be achieved with the same unloaded 


Q, number of resonators, and bandwidth. 


It should be realized that for most microwave applications a reduced 
insertion loss would be preferred to an idealized response shape. An 
important practical problem, therefore. is to find design parameters yield- 
ing the true minimum possible center-frequency loss and to determine the 
value of this loss and the shape of the response curve. This problem is 
studied in this report with the aid of the simple formula-for center- 
frequency loss. This formula permits the various factors to be quickly 
evaluated and designs to be found yielding very close to the true minimum-. 


possible loss. 


B. COMPUTATION MBTHODS 


67 give convenient design 


An earlier report® and published papers 
formulas by which multiple-resonator band-pass filters may be designed to 
have the response function (transformed in frequency) of a low-pass proto- 
type filter. The basic parameters entering into the design are the desired 
bandwidth of the multiple-resonator filter and the element values g. of 
the low-pass prototype.® For convenience, formulas for the element values 
of nondissipative maximally flat and equal-ripple low-pass prototype filters 
are included in the above-mentioned references.* The use of these element 
values will yield good approximations to maximally flat and equal-ripple 
response in the multiple-resonator filter, if the resonator unloaded Q’s 
are sufficiently high. Usually, however, there will be sufficient dis- 
Sipation loss to alter noticeably both the center- frequency loss and the 


shape of the response curve. Methods of calculating these effects will 


now be presented. 


“In all casen the use of these foreulas results in symmetrical coupled-resonstor structures, 
although the low-pess prototype is unsymmetrical for equal-ripple response with n even. That 
is oelthough g, # g and - f# I in the latter case, the coupled-resonetor filter derived fro 
the prototype 1s symmetrical and has equal terminating impedances. Therefore, the insertion 
loss for the coupled-resonator filter 1s not strictly equal to the insertion loss of the 
prototype, but is equal to the difference in decibels between the maximum power available 
from the generator and the power delivered through the filter to the load =. 


385 


eben Hambhinure, eee ey 


1. Center-Frequency Loss 


The following formulas, derived in Section E, give the insertion loss 
due to dissipation at the center of the pass band of a multiple-resonator 


filter: 


‘ 
a1 8; 


Qui 


decibels ’ (23-1) 


where, as shown in lig. 23-1, @,; is & point on the low-pass-prototype 
frequency scale corresponding to frequencies fy and fy on the band-pass 
frequency scale, w is the relative bandwidth foe t,)/f g where fo is the 
center frequency, &, (with t = 1 ton) are the respective element values 
of the prototype filter in farads and henries as shown in Fig. 23-2,°Q., 
are the respective unloaded Q's of the resonators, and n is the number 
of resonators in the filter. As is made clear in the derivation, this 
formula has very good accuracy for Ly up to about n db, and fairly good 
accuracy up to about 2n db. In order for Eq. (23-1) to be valid, the 
filter must be well-enough matched at fy so that mismatch loss will be 
small. When this is not the case, the insertion loss will usually lie 


between the value given by Eq. (23-1) and that value plus the mismatch 


db 


w," 
PROTOTYPE RESPONSE BANOPASS RESPONSE 


&asee-7 


FIG. 23-1 


CORRESPONDENCE BETWEEN LOW-PASS PROTOTYPE RESPONSE 
AND EQUIVALENT BAND-PASS RESPONSE 
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loss of the nondissipative filter, which is given by 10 log, ((1+* r)?/4r) 


where r ohms and 1 ohm are the terminating resistances shown in Fig. 23-2. 


1a 92 Qa de 
| 9, \ t 
FIG. 23-2 


NONDISSIPATIVE LOW-PASS PROTOTYPE FILTER 


2. Exact CAaLcuLaTion Usinc Low-Pass ProTotTyPe 


The approximations involved in Eq. (23-1) may be avoided if exact 
network calculations are made on an equivalent circuit of the multiple- 
resonator filter. The low-pass-prototype filter circuit of Fig. 23-3 is 
the most convenient for this purpose. The series resistances and shunt 
conductances are determined from the respective rescnator unloaded Q’s by 


the following formulas, which are derived in Sec. F: 


@.8, 
R‘ = for mn even (23-2) 
0Q., 
WB; 
G; = — for an odd. (23-3) 
¥Q., 


The capacitances and inductances, g@,,s are related to the resonator and 


coupling parameters of the multiple-resonator filter by the same formulas 
$,6,7 


used for the nondissipative case. 


v 
the 
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FIG. 23-3 
DISSIPATIVE LOW-PASS PROTOTYPE FILTER 
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With the dissipative prototype filter of Fig. 23-3 thus fully de- 
Perained! the frequency response on the w’ scale can be obtained exactly 
by direct calculation and then the frequency response of the multiple- 
resonator band-pass filter may be found by means of the frequency trans-— 
formation between w' for the low-pass filter and f for the band- pass 
filter. For bandwidths up to a few percent the following simple trans- 


formation gives good results 


’ 
* GJ 


(23-4) 


wofies 


ie is 


-- 


More precise tcansformation formulas are available for certain lumped - 
constant waveguide, and strip-line configurations, and should be used 


for bandwidths of more than a few percent °° 


At the center frequency fy, corresponding to w' » 0, the computation 
1s particularly simple, since the circuit is purely resistive and all 
quantities are real. At other frequencies the impedances and admittances 
are complex numbers, and the voltages ond currents must be treated as 
complex also. In either case the most convenient procedure is to assume 
‘out = | volt and then to compute the voltages and currents back through 


the filter until Uh is determined. - Then. since the power available from 


the generator is WV fay? and the output power is V2.) /r, the insertion 


out’ 
loss of the Wa Sey ye: filter’ is related to Y yy cere by 
V 4 
Lie 207) oy 6 y = AGn logy, FS (23-5) 
out ‘ 


This procedure gives directly the combined effect of mismatch and dis- 
Sipation loss, and is valid at all frequencies:-in the pass band, the 


transition band, and the stop band. 


Ge MINIMUM LOSS FOR SYMMETRICAL DESIGNS 
1 APPROXIMATE MINIMUM-Loss DESIGN 


The design parameters of multiple-resonator filters having very nearly 
minimum: possible center-frequeney loss irrespective of response-curve shape 


may be arrived at casily in the case of given values of unloaded Q and 
EE oN RMES SOME ONE Te 


° 
See preceding footnote, 
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stop-band bandwidth. The results are subject to the assumptions that the 
loss is small (not more than about a db) and that the insertion-loss ratio 
at the edges of the stop band is accurately given by the highest -power 

term in the insertion: loss polynomial. When the first assumption is met, 
Eq. (23-1) 1s accurate, and when the second is met, the stop-band insertion 


loss is given by the following formula derived in Section E:° 


L. .= 20 logy9(,"818283 -°° g,) +c (23-6) 


8 
where the subscript s indicates values at the stop-band limits, and C is 
a constant dependent upon the load resistance r, as discussed in Section Ee 


Thus, if v,, Q,, 7, and r are assumed fixed and the element values g, are 


allowed to vary, L, will remain constant if 
(wi) "616, on ia en constant (23-7) _ 


and Ly will be minimum if - 


wi(g, + 82 + ahs g,) 7 minimum. (23-8) 


Differentiating Eqs(23-7) and (23-8) we obtain 


Sw! gy 5w' Bo dw‘ g, 
+ Hie omen aN, = 0 
wis, © .83 WB» 
and 
Sw'g, + dwg, +... + dug, 2 (0. 


These two equations can hold in general only if the quantities wg, are 
all equal. Thus, subject to the approximations, minimum dissipation loss 


at fy is obtained when the elements in the prototype filter are equal: 


hee Rae Bye cette sae oe SRE (23-9) 


* Equation (23-6) holds in the case of eaxisolly flat response if L. > 20 db, while in the ether 
cases considered in thie report experience has shown Eq. (23-6) tg be within 1.5 db at 60 db 
for n = $,' and wuch closer for n sweller. — 


389 


It is further necessary that r be close to unity; that is, that the termi- 
nating resistances be almost equal. If this were not the case, excessive — 
mismatch loss would occur. It is likely that the true minimum-possible 
loss will be achieved in a given case by a set of g, values that are some- 
what unequal and by an r value slightly different from unity, but the 
center-frequency insertion loss of a symmetrical filter designed with 
r# 1 and (g) = Bs enn ene &, will certainly be extremely close to the 
true minimum-possible loss, in cases where both Eqs. (23-1) and (23-6) 


are valid. 


2. Exact MIntmuim-Loss DESIGN FOR SYMMETRICAL FILTER ITH A = 3 


B. M. Schiffman of Stanford Research Institute has previously derived 
exact design formulas for three-resonator symmetrical filters yielding 
minimum-possible loss when the unloaded Q and stop-band bandwidth are 


specified.*® Figure 23-4 shows a comparison between the center- frequency 
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FIG. 23-4 


COMPARISON OF MID-BAND INSERTION LOSS OF EXACT MAXIMALLY 
FLAT DESIGN OF TAUB AND BOGNER AND MINIMUM-LOSS 
DESIGN OF SCHIFFMAN 
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insertion loss of Schiffman’s symmetrical filter and that of Taub and 
Bogner's? maximally flat unsymmetrical filter. It is seen that to obtain 
the flat response of the latter filter, a designer must accept a higher 


loss as well as the inconvenience of the unsymmetrical construction. 


Upon converting Schiffman’s formulas into the notation of this report, 
it was found that the elements of his low-pass prototype approach equality 
as Ly approaches zero. This agrees with the approximate analysis above. 

As an example of the effect of a high value of Ly on the accuracy of the 
approximate analysis, the exact minimum-loss design having L, = 3 db has 
elements g, in the ratio 1.0.775:1. An equal element filter with the same 
unloaded Q and stop-band bandwidth has Ly = 3.23 db. about 8 percent higher. — 
This discrepancy vanishes very rapidly as Ly, is reduced. 


ed 


D. COMPARATIVE PERFORMANCE OF DIFFERENT DESIGNS 
1. Pass-Bano RESPONSE 


Exact calculations were made of the pass-band insertion-loss response 
of various coupled resonator filters having 2 = 3 and n= 5. A comparison 
of three response curves for three-resonator filters is shown in Fig. 23-5: 
The same vo and same 60-db bandwidth, w,, are assumed for each case, that 
is, all curves if extended would intersect at the 60-db points. One of 
the curves is for the minimum-loss maximally flat case of Taub and Bogner.? 
A second curve is labeled pseudo maximally flat, since it is the curve for 
a filter designed from a nondissipative maximally flat prototype. The 


third curve is for the minimum-loss symmetcical design of Schiffman.*_ 


A number of interesting facts are evident. {rom Pie-o2e- Se) 4nd although 
the exact maximally flat case has minimum loss compared to all other pos- 
sible maximally flat filters having the same n, Q,,. and w,, it has higher 
center-frequency loss than the other two curves in the figure; (2) the 
rounding effect of dissipation is clearly evident in the other curves, 
and (3) as predicted above the minimum: loss symmetrical design has the 
least loss of the three curves at fg. This case also has the least loss 
throughout the pass band, and offers the greatest 3-db bandwidth. It may 
also be regarded as a pseudo-cqual-ripple case, since the nondissipative 
low-pass prototype of the minimum-loss symmetrical filter has an equal 
ripple response with ripple level of about 0.2 db. Note that dissipation 


has removed all but a suggestion of these ripples. 
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FIG. 23-5 


PASS-BAND INSERTION-LOSS CURVES FOR THREE DIFFERENT 
THREE-RESONATOR FILTER CESIGNS : 


Figure 23-6 shows a similar set of response curves for various five- 
resonator filters. The same Q, and same 60-db bandwidth are assumed 
throughout, as before. The results are qualitatively the same as for the 
three-resonator filters: (1) the minimum-loss exact maximally flat curve 
has higher midband loss than the other curves, which are again rounded by 
dissipation (2) the equal-element curve offers the least loss at center 
frequency, although the 0.1 db pseudo: equal-ripple curve is almost as 
good, (3) the equal-element and pseudo-equal-ripple curves have less loss 
everywhere in the pass band than the exact maximally flat case; (4) all 


ripples are obliterated, 


It is thus clear that the minimum-loss, exact maximally flat design 
does not give the least possible loss when restrictions on response-curve 
shape are removed.. If the maximally flat response is definitely needed 
in a given application, it should be used. In most microwave applications, 


however, the rounded response curves of the other cases would be satisfactory, 
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and therefore would be favored because of their lower loss and better 

match in the pass band. Further advantages of these other cases are their 
ease of design from simple available formulas and their symmetrical physical 
structures. The rounding to be expected depends upon the amount of dis- 
sipation loss occurring in the filter. For example, if Ly were 1.0 db, the 
response curves would conform much more closely to the curves for the loss- 


less prototypes. 


Fubini and Guillemin have shown that exact equal-ripple filters have 
considerably higher pass-band loss than a maximally flat filter of the same 
number of resonators, unloaded Q, and three: db bandwidth.‘ This is true 
even for ripple levels as small as 0.001 db, and the loss increases very 
rapidly as the ripple level is increased. The reason for this behavior may 
be deduced from the curves of Figs. 23-5, and 23-6, where the ripples in the 
equal-element and pseudo equal-ripple curves have been removed by dis- 
sipation. Evidently, it is inherently difficult for a filter to produce 


ripples in the presense of dissipation, and to accomplish this a large 
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FIVE-RESONATOR FILTER DESIGNS 
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amount of reflection loss must be introduced thus yielding a high pass- 
band insertion loss This. conclusion does not apply however, to the : 
pseudo-equal-ripple case where the ripples of the nondissipative proto- 
type are allowed to diminish or disappear in the presence of dissipation. 
In fact, Figs. 23-5 and 23-6 show that the pseudo-equal-ripple designs 

are superior to the pseudo maximally flat designs as far as both minimum 


loss and pass-band shape are considered 


2 CenTtTerR-FREQUENCY Loss 


The approximate formula for center- frequency loss Eq. (23-1), has 
been checked against the exact insertion-loss curves of Figs. 23-5. and 
23-6. In the case of three resonators Eq. (23-1) gives errors of only 
+0.09 and -0.07 db, respectively, for the minimum-loss (symmetrical) and 
pseudo maximally flat cases Equation (23-1) should not be applied to 
the exact maximally flat case because of the mismatch in that design at 
fy. In the case of five resonators Eq. (23-1) gives errors of +0.02, 
0.00, and +0.01 db respectively for the equal-element pseudo-equal-ripple, 


and pseudo-maximally- flat cases 


Equation (23-1) has been used to compare the center: frequency loss 
of filters with various response functions and the results are plotted 
in Fig. 23-7 versus the number of resonators. As a basis of comparison, 
the product of unloaded Q and relative bandwidth between 60-db points in 
the stop band is assumed to be equal to 100 in all cases. Since w and 
Q, appear as a product in Eq. (23-1) the data will apply to any pair of 
values, such as 0.01 and 10 000 for example. having the product 100 Or 
if wQ, differs from 100 Ly in Fig. 23-6 should be scaled inversely pro- 
portional to wW). The selection of stop-band bandwidth as the reference 
bandwidth instead of pass-band bandwidth is reasonable when isolativa 
between channels is the most important consideration. In such cases, the 
number of resonators should be made large enough so that the pass band 


will equal or exceed the desired signal bandwidth 


The following cases are considered in Fig. 23-7: (1) equal-element 
‘prototype (2) pseudo-maximally flat and (3) pseudo-equal-ripple. In 
the latter category three different ripple levels are assumed for the 
nondissipative prototype--0.01 db (shown as a dash-dot curve). 0.1 db 
(plotted as triangular points), and 0.5 db (plotted as circular points). 


The latter two cases are shown only for n odd since for n even they have 
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substantial mismatch loss at fy Also plotted in Fig 23-7 is the ratio 
of pass-band cto stop-band bandwidth, w,4,/w.y94,. These bandwidths were | 
computed assuming no dissipation Dissipation will reduce w,,, moderately, 


while hardly affecting Meoabe 


A number of important faccs may be deduced from Fig (23-7: (1) the 
spread in loss among the different designs for a given value of a is only 
about 10 percent. a surprisingly small range (2) che bandwidth ratio 
wap’ soa increases with n, the slope being greatest for smal! n, and 
(3) the center: frequency loss drops sharply with a, reaching a minimum . 
at a - 6 or 7, and then rises slowly This last observation is readily 
explained by the fact cthac the rapid increase in 3 db bandwidth with a 


reduces the loss more rapidly than the number of resonators added in 


cascade tncreases it. 


The equal element curve in Fig. 23-7 18s of special interest, since it 
wes shown to approximate the minimum: possible: loss case, within a certain 
range of validity This curve lies below the others for n up to 8, but 
not beyond = This behavior 1s reasonable, since the assumption expressed 


by Eq. (23-6) breaks down for n > 5. 


The bandwidth data are a!so worth inspecting For example, a ratio 
of bandwidths of 0 37 can be obtained by means of either five resonators 


with an equal element design or by seven resonators with a pseudo- maximally. 


flat design. In either case the midband loss would be about the same. 


If a stop band bandwidth other than the 60 db bandwidth were used as’ 
a reference, the general appearance of Fig 23-7 would not change. How - 
ever, quantitative differences in center-frequency loss and bandwidth ratio 
could be considerable Also, the broad minimum in the loss curves would 


be likely to shift to another value of an, 


E DERIVATION OF FORMULAS 
1 Low Pass Equivacent oF Dissipative Bano Pass FILTER 


The low-pass filter of Fig 23-3 will now be justified as the equiva-— 
lent of a band pass filter having dissipative resonators It has been 
shown previously that a band-pass filter consisting of coupled nondis- 
sipative resonators can be made equivalent in a narrow-bandwidth approxi-. 
mation to the lumped-constant band-pass filter of Fig 23-8(a). The latter 
filter 1s equivalent to the low-pass prototype filter of Fig. 23-8(b), 
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FIG. 23-8 
NONDISSIPATIVE LUMPED-CONSTANT BAND-PASS FILTER (0), 
AND EQUIVALENT LOW-PASS PROTOTYPE FILTER (b) 
with the frequency transformation indicated in Fig. 23-1. The equivalence 
of Figs. 23-8(a) and 23-8(b),requires that the series reactances or shunt 
susceptances of corresponding arms be equal at corresponding frequencies. 


For example, for series arms 


1 
Mee Sorat : (23-10) 
This relationship between reactances and susceptances causes equal voltages 
and currents to appear at all corresponding points in the two filters, and 
hence results in the insertion losses of the filters being the same. When 
the resonators have finite unloaded Q’s, one must introduce resistances 
and conductances into the lumped-constant band-pass circuit as indicated 
in Fig. 23-9(a). Then, to achieve equal dissipation loss in corresponding 
elements, the same resistances and conductances must be placed in the low- 
pass circuit of Fig. 23-9(b). Thus, for corresponding series arms 


Rie, ea Ry vis (23-11) 


v 
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Therefore 


1 


wg. 1 1 w . 
— =. — (01 om: = Q Le (23-12) 
Rt R, mee Cu CG “ etd : 


where Oa =-wL./R, and we s W/L C . Now, assuming narrow bandwidth, we 


have 


we wt — w Ww — Wy 
wm ~ 
Pe age hte lane 
we w? 9 
If we let w’ = @, and w = w, be corresponding frequencies, 
we 
1-— ~ wv, (23-13) 

we 


where w is the relative bandwidth (f, - f,)/fo, as previously defined. 
Then combining Eqs. (23-12) and (23-13) we obtain 


Roo. (23-14) 


(a) (b) 


&- 2386-63-76 


FIG. 23-9 


DISSIPATIVE LUMPED-CONSTANT BAND-PASS FILTER (a), 
AND EQUIVALENT LOW-PASS PROTOTYPE FILTER (b) 
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In a similar manner we obtain the relation for the shunt conductance G.: 


18 } 
G! os : (23-15) 
: wQ, a 
The two identical formulas Eqs. (23-14) and (23-15), provide the desired 


relationship between the unloaded Q’s of the resonators in the band-pass 
filter and the equivalent resistances and conductances in the low-pass 


prototype. 


2. CENTER-FaEQUENCY LOSS FORMULA 


Equation (23-1) can be obtained very simply from the low-pass circuit 
of Fig. 23-3, since calculations at zero frequency only are yavoived: Let 
the load resistance, r be one ohm for convenience. It will be assumed 
that the resistances and conductances are small. compared to unity, so that 
they affect the match at w' = 0 only slightly. Then the resistance look- 
ing to the right or left wiil be approximately one ohm anywhere in the 
filter. Thus in the vicinity of the ith arm, if we assume a shunt voltage 
of one volt, the series current will be one ampere. Then by Eqs. (23-14) 
and (23-15) the power dissipated in the ith arm will be 


Perit 7 watts. (23-16) 


The input and output powers at the tth arm are 


P. a a: —P,, watts 
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and therefore the loss in the ith arm may be expressed in decibels as 


follows. 


~ 4.343 Ps; decibels (23-17) 


for Py, °< 0.5. The total loss at w’ - 0, ‘or f © fo. is 


: (23-18) 
wire | 


’ i=] 


W 4. 343w) 


The approximation in Eq. (23-17) holds within 2 percent for L,. as large 
as 2 db. Calculations for numerous specific cases have shown that the 

other important approximation--that the resistance level anywhere in the 
filter is not affected by dissipation loss—causes very little error for 
L, up ton db and only moderate error up to 2n db This is true because 


the errors in the various terms of the summation in Eq. (23- ne tend to 


cancel each other. 


3. Stop-Bano Loss Foruuta 


The insertion loss of the low-pass filter of Fig. 23-2 may be ex- 


pressed rigorously in terms of a polynomial in w'. as follows- 


Eioti= 410 Yog; » (aza' 2" Ra el dal? Fel a ele aw? + ay) decibels 


(23-19) 


where the constants a, are related to the element values and terminating 
resistances in Fig. (93. In the stop band, only the higher powers of 

i ‘ ic : , 
w are important and he w sufficierntiy large, 


bie LO logs, ake wy? Dedent bebe (23-20) 


where the subscript s denotes a point in the stop band. 


Assume that the element &, adjacent to - is a series elemenem” Then 
the ratio of voltage across r to that across é,, is 
r re r 
~ 
a faye fw! 
pM cui? ge jwig. 


The admereeanen Y to Tene right of ‘the &,., Clement is very much smaller 
than the. susceptance J w'@,-,> and hence the ratio of the voltages across 


8,4, and Bi 18" 


400 


l 
Y + jog, 4 on 1 
l (har gene) je gy hc: 


jw g ,+ —— 
Shae ee Ry ey 


If we assume the first element g, to be a shunt-element, the ratio of 


input voltage to generator voltage will be 


4 1 


v } #8, 


2 


Now, —matriplying together all the voltage ratios in the filter 


owt 
V 2 Sate : (23-21) 
s. wW, 818283 ~ 8, 
The output power is 
Vu [i r|V |? 
Pog (23-22) 
‘i (w)" 8182 (ek 
and the available power is 
y 12 
Pols ae (23-23) 
Therefore, the stop-band power loss in decibels is 
i) (20: logy, (w,* 8) 82° - &,) ~ 10 logis (4r) decibels - 
j (23-24) 


This equation assumes the terminating resistance, r, to be connected to 
a series element in the filter. If it were connected to a shunt element, 


the equation would be 


4 
L = 20 Yog,,) (,"8:82:--* espe i0 1ogi(=) ab ‘ (23-25) 


s 
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These formulas would be unchanged if the element 8; next to the one-ohm 
generator resistor were a series element instead of a shunt element. It 


is also evident that reversing the direction of power flow would not alter 


these formulas. 
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CHAPTER 24 


DESIGN CRITERIA FOR HIGH-POWER FILTERS 


A. - GENERAL 


In the microwave range, equipments often interfere with each other 
even when operating at different frequencies. This interchannel inter- 
ference can arise from the generation and radistion of large amounts of 
RF energy outside of the operating bandwidth of a transmitter, or it can 
be the result of inadequate RF selectivity in a receiver. For example, 
magnetrons are known to preduce strong harmonics, and are also likely to 
emit spurious ‘‘moding” energy at frequencies that are not harmonically | 
related to the fundamental frequency (see Fig. 24-1) ‘Some of these un- 
wanted components may be at a level only 20 db below the fundamental, and. 
hence are capable of causing serious interference to receivers in other 
systems. Fortunately, interchannel interference can be eliminated through 
the use of RF filters. High-power filters may be used between a generator 
and an antenna to prevent the radiation of signals outside the operating 
bandwidth, and low-power filters may be used at the input of areceiver to 
prevent the entrance of strong signals of undesired frequency. <A discus- 
sion of filters:in the high-power class will now be presented. Low-power 
filters represent iess of a problem, and considerable design information 
for them may be found elsewhere in this report, in the final report of an 


earlier Stanford Research Institute program, ! 


as well asin various other 
Me 


references. 
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TYPICAL OUTPUT SPECTRUM OF A MAGNETRON 
All energy outside the desired bandwidth is unnecessary and contributes to interference 
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This material has been published. See S. B. Cohn, “Design Considerations for High-Power Microwave 
Filters," [RE Trans PCTT-7, pp. 149-153 (Jenuary 1959}. 
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FIG. 24-2 
E-PLANE VIEW OF HIGH-POWER FILTER STRUCTURE PROPOSED BY J. H. VOGELMAN 


In the design of filters intended for high power applications, one 
must prevent electric field strengths approaching the breakdown point. 
Sharp edges in high-field- Strength regions must therefore be avoided, and 
resonant build up of the field must be limited to a safe value. One ap- 
proach to the high-power filter problem has been made by J. Hi. Vogelman, ? 
who has proposed the waveguide structure shown in Fig. 24-2 Vogelman has 
shown how to compute the pass-band and spurious responses of this filter, . 
and has verified experimentally its frequency response and high- -power 
capability. A second approach has been used at Wheeler Laboratories in 
which resonant irises and resonant posts were quarter-wave coupled in-a 
waveguide to synthesize an m-derived band-pass filter. Breakdown was 
avoided by evacuating the filter. which greatly increased the breakdown 
field strength A third approach is to use the multiple-cavity type of 
band pass filter, in which inductive windows or posts are used for coupling 
the waveguide resonators The power-handling capacity of this configuration 
has been studied recently at Stanford Research Institute, and it is shown 
in this chapter that this filter can have as large a power rating as de- 


sired, up to the full rating of the termination waveguide, 


B POWER HANDLING FORMULAS FOR MULTIPLE RESONATOR FILTERS 


A multiple-resonator band-pass filter can he designed'*5 to have the 
response function of a lumped-constant low pass prototype filter, where, 
through an appropriate transformation, zero frequency for the latter cor- 
responds to the center of the pass band for the former (see Fig. 24-3). 
Thus with the proper choice of coupling-element values and cavity lengths, 


the waveguide filter and prototype filter of Fig 24-4 are equivalent In 


this figure, By Bz +++) By © . B. are element values of the prototype 
filter (in farads for t odd and henries for i even); & hb, is the height of 
the terminating guides PP Lance Dine else b| are cavity heights; 
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CORRESPONDENCE BETWEEN LOW-PASS PROTOTYPE 
RESPONSE AND EQUIVALENT BAND-PASS RESPONSE 
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LOW-PASS PROTOTYPE FILTER AND EQUIVALENT 
WAVEGUIDE-CAVITY FILTER 
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are 


mye oy Rye eae y eS 


y died 
integers equal to the cavity 
lengths in half guide wave- 
lengths, EB, is the maximum 


electric field strength in 


the matched output waveguide, 


and E,, Eye) eee oes rk 
are the maximum electric 
field strengths in the cavi- 
ties In terms of these 
quantities, the cavity field 
strengths at the center of 
the pass band are Biven by 
the following formula, which 


is derived in Section E: 


Ay /28 o, 
E, 3 | Se rere | ramen 
Ayo mT w b, 


(24-1) 


where w: ifs = ON EA an and 
where w, = 2nf, for the pro- 
totype filter and f, and fs 
for the band-pass filter are 
corresponding points of 
equal insertion loss (see 
Fig. 24-3) Note that 

ws fy» and fy may be taken 
as desired either at the 
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FIG. 24-5 


INSER TION-LOSS-V ERSUS- FREQUENCY RESPONSE 
OF MULTIPLE-CAVITY FILTER WITH q, 2. 


edges of the pass band, or at any insertion-loss level in the stop band, 


In this formula it is assumed that the wave 


are the same throughout, 


guide width and guide wavelength 


It is desirable in a high-power multiple-cavity filter to have equal 


electric field strengths in the Cavities, 

the power-handling capacity for a given de 
(24-1) shows that for cavities of e 
electric field strength at the pass-band center is that Bi» By» 
ow-pass filter for this 


of Eq 


be the same. 


special case is shown in Fig. 24- 


The response function of the prototype 1 


since this condition maximizes — 
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gree of selectivity. Examination 4 
qual size, the condition for equal 
-+» 8, all 


5 for various numbers of elements and with 


if 


all values of B, set equal to unity. It is seen that only the central 


‘portion of the pass band of the equivalent band-pass filter can be used 


if the insertion loss (due to reflection) is to be low, 


Figure 24-6 shows how the electric field strengths vary with fre- 
quency for the case of g, = 1 in the prototype filter. These curves were 
- computed from the prototype filter, recognizing that the voltages across 
the capacitances and the currents through the inductances are proportional 
to the field strengths in the respective cavities. It is seen in Fig. 24-6 
that the field strengths are equal only at w’ = 0, that is, at the center 
of the pass band of the equivalent bandpass filter. The power rating at 
any frequency with respect to the power capacity at band center is equal 
to the square of the reciprocal of the largest relative electric field 
strength at that frequency. Thus, for example, in the case of a four- 
cavity filter having g, = 1, the power capacity at w' = 0.4 is 80 percent 
of that at w’ = 0, and at w’ = 1 it is SO percent. 
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FIG. 24-6 


EFFECT OF FREQUENCY ON ELECTRIC FIELD STRENGTHS 
IN MULTIPLE-CAVITY FILTER WITH g, = 7 


The general formule for the hb idl function of an equel-element low-peas filter hes been given 
by A. W. Lewson ond AR. M. Fano. 


The power-handling Capacity of the filter is defined best as a per- 
centage of the power rating of the terminating waveguide. Thus, if the 
filter and terminating waveguide are under equal air Pressure, the rela- 


‘tive power Capacity is as follows: 


E_\2 
ul ; 
Relative power capacity = (=) “OORT as (24-2) 


where Eis the largest of the cavity field-strength values in the filter 
4 fr 


at the frequency in question. Hence, 


; a mw. ar 4 
Relative power Capacity = ern rers very > 100% | (24-3) 
nae 0 . 


The subscript i to be used in Eq. (24-3) is the number between 1 and n 


that minimizes this expression for a given n-resonator filter, 


Examination of Fq (24-1) shows that the cavity field strengths may 
be made equal even with unequal 8, values, if =, and b are also made 
variable in the filter. Thus the superior maximally flat or equal-ripple 
response functions may be utilized without impairing the power rating of | 
the filter, if the different cavities are Properly proportioned. The 
larger cavities. of course, will have an increased number of undesired 
resonances, but the smaller cavities will tend to Suppress these in the 


over-all response, 


C CALCULATED EXAMPLES 


A few examples will now be given of the relative power capacity of 
typical filters As a first example, assuming g. = 1, wel, ws 0.2, 
Xo/d oo 210 Sad oa 6. 5 by, Eq. (24-3). shows that at the center of 
the pass band the filter can be rated at 99 percent of the power rating 
of the terminating waveguide. As a second example, assume that 40-db of 
insertion loss is required at the edges of a 20 percent frequency band, 

' For a four-cavity filter and g, = l, calculation shows that @: = 3.89 at 

the 40-db point of the prototype filter, and therefore w, * 3.89 and 

» = 0.2 are corresponding values. Now if we assume Ao/A 6 #058), as ae 
and 6 = 26,, then the power rating at band center is 50.5 percent of the 


Power Capacity of the terminating waveguide. 
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As a comparison to the-last example, consider the power rating of a 
four-cavity filter whose g, values are designed to yield a maximally flat 
response,® with the 40-db points still at the edges of a 20-percent fre- 
quency band. (The necessary data can be found in Chapter 13 and Fig. 18-6) 
ese ereng, © @, * 0.765, 8, 7 8, * 1.848, and the 40-db point occurs 
at w, = 316. In this case, the largest field strength occurs in the middle 
cavities, and, assuming the same values of Ag/.o> mi, wv, and b./b, as in 
the last example, the filter rating at band center is equal to 33.5 percent 
of the power rating of the terminating waveguide This should be compared 


with 50 5 percent in the preceding example. 


Another interesting question is how the power rating of a multiple- 
resonator filter changes with the number of resonators when the stop-band 
bandwidth is held constant. The pass-band bandwidth will increase with 
the number of resonators, approaching the stop-band bandwidth in the limit, 
and it is therefore clear that the power rating will also increase. A cal- 
culation has been carried out for the case of equal elements and the pa- 


rameters of the second example with the following results: 


NUMBER OF wy AT | RELATIVE POWER 
RESONATORS | 40-db POINT | CAPACITY (percent) 


200 10 


The advantage of using a large 


number of resonators is clearly 


evident. However, considerations 
of size, adjustment difficulty, 
and dissipation loss will place a 
limit of, perhaps, six to ten 


resonators in a practical filter. 


D. SYSTEM CONSIDERATIONS FOR HIGH-POWER FILTERS 


It is evident from the preceding discussion that high-power filters 
are likely to have numerous undesired spurious responses. Figure 24-7 
shows how several filters in cascade may be used to eliminate spurious 
responses out to very high frequencies. The filter of smallest bandwidth, 
Filter 1. must have larger cavities than the others in order to carry the 
required power As a result it will almost inevitably have a number of 
spurious responses in the range of interest These spurious responses can 
be suppressed by one or more filters of greater bandwidth and more widely 


spaced spurious responses, as shown in the figure. 
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FIG. 24-7 
CONNECTION OF FILTERS IN CASCADE TO ELIMINATE SPURIOUS RESPONSES 


INSERTION LOSS 


The high-power band-pass filter considered above provides stop-band 
insertion loss through reflection of the incident energy In some in- 
stances this reflection may have an adverse effect on the power source, 
and the enercy should be dissipated rather than reflected. As shown by 


the examples in Fig. 24-8 this may be done by means of a broad-band fer- 


rite isolator or by a circuit of hybrid junctions and a pair of identical 


band-pass filters so arranged as to divert the energy reflected from the 


filters into an auxiliary resistive load. Equivalent performance can be 


———— 

NONRECIPROCAL 
BROAD-BAND 

ISOLATOR 


FROM GENERATOR TO ANTENNA 


(a) 
STRAY ENERGY DUE TO 
BRET: MPO LCCIE 
1 
3-db HYBRID 3-db HYBRID petted. eat: 
COUPLER COUPLER 
INPUT . 
ee FILTER S 


a a 
OUTPUT IN 
UNDESIRED 
Seer BeURIUENS IDENTICAL DESIRED PASS BAND 
DISSIPATED HERE 
. (bd) 1 2 2926-0m1-87 
FIG, 24-8 


SUGGESTED MEANS FOR DISSIPATING ENERGY REFLECTED FROM FILTER 
Network in (a) utilizes o broadband nonreciprocal isolator; network in (b) 
utilizes a pair of identical filters and hybrid junctions 
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achieved by directional filters, which have the combined properties of 


18 Directional filters would be 


directional couplers and of filters. 
_ particularly useful for removing discrete spurious frequencies and dissi- 


pating their energy into a load. 


It is believed that wide- 
bandwidth filters can also be 
achieved by leaky-wall struc- 
tures like that of Fic. 24-9. 
Near the desired operating 
frequency the holes would be 
waveguides below cut-off, and 


very little energy would leak 


through them. Above the cut- 
LOSSY 


MATERIAL 


off frequency of the holes, 


the ener would pass through 
Y P . WAVEGUIDE 


the holes and be absorbed in 


A Q 
the surrounding lossy material. PERFORATED LEN KG 
WALL $ 


OUTER 
SHIELD 


By having a sufficient number 


of holes on all four walls of nae 
- : ; CROSS SECTION OF FILTER 
the waveguide, it should be 
possible to obtain a stop band FIG. 24-9 
free of spurious responses in LEAKY-WAVEGUIDE TECHNIQUES FOR DISSIPATING 
Se aver ei aerate up to a UNWANTED ENERGY ABOVE THE DESIRED 

: Fixe P SIGNAL FREQUENCY 


very high frequency. 


E. - DERIVATION OF FIELD-STRENGTH FORMULA FOR MULTIPLE- 
RESONATOR FILTER 


The following derivation is based on an analysis of multiple- 
resonator filters carried out under a previous contract, and discussed 
in detail in Refs 1 and 4. In that analysis, the low-pass prototype 
filter of Fig. 24-4(a) was related to the waveguide filter of Fig. 24-4(b) 
by means of the intermediary transmission-line circuit of Fig. 24-10 The 
equivalence of Fir. 24-10 to the waveguide filter is a direct one, with 
the lines of: characteristic impedance Z, and electrical length 180 degrees 
representing the cavity resonators at resonance, and the lines of charact- 
eristic impedance K. .,, and electrical length 90 degrees representing the 
coupling susceptances at the proper reference planes. It is shown in 


Refs. 1 and 4 that the latter length is independent of frequency to the 


Ali 


first order, and therefore the lines of characteristic impedance K. iaeh oo 
act as impedance inverting transformers over a wide band of frequencies, 


The equivalence of Fig. 24-]0 to the low-pass prototype filter depends 


upon the change in frequency variable shown in hips 24-3. 


&: 2326 OM- 28 


FIG. 24-10 
EQUIVALENT CIRCUIT OF A MULTIPLE-RESONATOR FILTER 


For convenience in the analysis, the cavities and terminating lines 


are assumed to have equal characteristic impedances Z,, and the cavity 
electrical lengths at resonance are assumed to be 180 degrees. At a later 
point in the analysis these quantities will be generalized. Also, for con- 


venience the various elements are numbered from the load endof the filter, — 


229P6-CM- FS 


FIG. 24-1) 


VOLTAGE AND CURRENT MAGNITUDES IN THE EQUIVALENT 
- MULTIPLE-RESONATOR FILTER 


Figure 24-11 shows how the voltapes and currents in the filter may 


be computed at the center frequency 


in terms of the voltage, Ve, across - 
the load resistance. 


The phases of’ the various quantities are unimportant 


in this problem, and therefore only magnitudes of the voltages and currents 


The following simple relations between these magnitudes were - 
used in the computation: 


are shown. 


peck 


for a 90-degree line of ah beta EA impedance Z.. 
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: V : : 
V. uae 409 & and ZI, neem cae (24-4) 


V. = V Pert (end ire ia ene | : (24-5) 


Starting at the load end and proceeding back through the filter, one can 
verify the expressions in Fig. 24-11, and show that the voltages at the 


centers of the resonetors are of the following form: 


Zo"; Kyi Vy 
in vous z 

Koy ae 

Z,K,5V LU Gert g 

Over o1™23°T 
vs Pads etc. (24-6) 
3 4 

Ky, Kas Ki 2Ky4 


In a waveguide filter the characteristic impedances K, |,, are less than 
25 


voltages in the various cavities. 


and it is easily verified that the voltages “iS correspond to the maximum 


In Refs. 1 and 4, the characteristic impedances K, oat are shown to 


be related to the element values g, of the prototype filter by 


K. L 
hace gy ; ane aien atte a.) Ca | (24-7) 
Zy 885 +1 
and 
K 
NaN Bo Gta (24-8) 
2, 8) 


The formula for K, ,,, is not as simple in general, but in the usual case 
of a symmetrical waveguide filter Keiisy * Ky,- (If an unsymmetrical 
waveguide filter is of interest, Ref. 1 or Ref 4 should be consulted for 
the correct expression for Ray Subject to the assumption of hal f- 
wavelength cavities of height and width equal to that of the terminating 


waveguide, the parameter L is given by 
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Peat |  ———— 
fp ies eae cas | (24-9) 
2a) Ao .. 


where w is the relative bandwidth (f, = 1,27 Fo and fg, fj.» fy. and wr aia 
defined in Fig. 24-3. oo and A, are the guide wavelength and free-space 
wavelength at the center frequency. (A more accurate form of Eq. (24-9) ~ 
is given in Refs. 1 and 4, but Eq. (24-9) is sufficiently accurate for 
power-capacity calculations.) At this point the limitation on cavity 
length and height may be removed. A study of the original derivation of 
Eq. |(24-9)' shows that 


aimwb. & ‘) : “ 
FL Weare ~ i (24-10) 
2wib, Ag ie 


where m is the length of the ith cavity in half guide wavelengths, 6, is- 
the height of the cavity, and 6, is the height of the terminating waveguid 


Combination of the above formulas results in 


B, %; Xo 21 8,6, : 
aaa LEN arene Le reer —_—_— , i i< lito aye (24-11). 
bby wrt) a,7wb, an 


The voltages are related to the field strengths by. 


v. Eb Vandige Vo.) tr Elbe ; (24-12) 
and hence | . 
EN 2p wb a 
0 1 T 
Eo Ei fj —— (24-13) 
: T X_0 a nwb. 
| where Ey is the maximum electric field strength in the output waveguide, | 


and E, is the maximum electric field strength in the ith cavity. 


Equation (24-13) assumes that the cavity widths and terminating- 
waveguide widths are all equal. If this restriction is removed, one can 


show that Fq. (24-13) becomes 
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yy DO Oe 


%s % % 


9 a 
“8 4,4 6 i Xr 2 oN 2 
as Eee BSE R its i (e) (24-14) 


a.mwa.b. 2a 2a. 
‘ ta YE rt 


where a, is the width of the ith cavity and a, the width of the terminating 


waveguide. 
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CHARTER 25 


PERTURBATION ANALYSIS OF THE RESONANT FREQUENCY AND Q 
OF CAVITIES LOADED WITU SMALL FERRITE SAMPLES 


A. GENERAL 


One of the tasks of this contract, assigned by the technical officer, 


was to investigate the properties of low-power microwave filters, which 


can be used as receiver pre-selectors, and which can be tuned by nonme- 
chanical means over wide fiequency bands. Chapters 25 and 26 describe 
three initial approaches to this problem utilizing ferrites. Later 


chapters describe techniques developed during the latter part of this 


contract which appear to be more practical. 


During the initial part of this investigation a perturbation analysis 
was made of the resonant frequency and unloaded Q of cavities containing 
small amounts of ferrite material. The perturbation analysis is extremely 
accurate for cavities containing infinitesimal amounts of ferrite and can 
be used to obtain semi-quantitative results for ferrites occupying as 
much as 1Q to 20 percent of the cavity volume. The amount of tuning that 
can be expected of a cavity containing this much ferrite is of the order 


of 10 percent. 


A technique for connecting several directional filters that contain 
small amounts of ferrite and that tune over adjacent narrow frequency 
bands, to form a directional filter that tunes over a frequency band which 
is the sum of the tuning bands of the individual filters is illustrated 
in Fig. 25-1. The m biasing magnetic fields H,, H,, ... , and A, which 
are used to change the resonant frequencies of cavities can be applied 
either in the direction shown or else parallel to the electric field in 
the cavities. When it is desired to receive signals in the tuning range 
of a particular directional filter, its biasing field is set so that the 
directional filter is resonant at the desired frequency. In order to 
prevent other signals from passing through the other filters, each is 
biased so that its ferrite is at ferromagnetic resonance at the center of 


the tuning range of its directional filter. 
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FIG. 25-1 
A WIDE-BAND MAGNETICALLY TUNABLE FILTER COMPOSED OF CASCADED DIRECTIONAL FILTERS 


B. VARIATION OF THE RESONANCE FREQUENCY OF A CAVITY BY 
MEANS OF FERRITES 


In most discussions of the magnetic tuning of resonant cavities by 
means of ferrites, the perturbation theory of Bethe and Schwinger! is 
usually invoked. In the application of this theory, or for that matter 
of any available theory, there are several contributions to the total 
magnetic field acting on the magnetic electrons in the ferrite that are 
usually neglected. It is the purpose of this section to rederive the 
results of the Bethe -Schwinger perturbation theory, that are germane to 
the present problem, for the sake of easy reference; to point out the 
magnetic field contributions that are often neglected; and to include the 


effects of the Lorentz local field in some typical examples. 
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1. THe PERTURBATION FORMULAE 


We start with the Maxwell equations (we shall use rationalized mks 


units throughout) 
(25-1) 


and consider for the present a non-lossy medium. We define resonance in 


the case of sinusoidal time dependence as obtaining when 


E = Ecos at, H = H sin wt , (25-2) 
with E and H real. In the case of an exponential time dependence, e°/%', 


we define resonance to obtain when E is purely real and H is purely 


imaginary: 
Re 2 ea Be +B, (25-3) 


with H’ and B’ real. 
In the sinusoidal and exponential time dependence cases, Eqs. (25-1) 
become respectively :; 
VxE « -wB,  V «Ho =) -wD.,; (25 -4a) 


and 


VxE. = -wB', Vx’ = “wD, (25- 4b) 


where all quantities are real. Since Eqs. (25-4a) and (25-46) have the 
same form we shall not carry through both cases separately. We shall 
proceed from Eqs. (25-4a) and.note that in the case of exponential time 


dependence it is really H’ and B that should appear in the formulas. 


Let E, D, B, and H be the unperturbed resonance fields. within the 
cavity of volume V. These quantities satisfy Eqs. (25-4a). For slightly 


perturbed fields we write 


Bin (Be BEY) CL Se) (B+ SB) oy 


Wx 1 +s =” <i +: $0) (4-80), 
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is 
From these relations we Bet to first order 


Vx 3E = “3B 2 bok 


Vx 3H = -oSD - t0D. . (25-5) 


Multiplying the first of these equations by H, the second by E, adding 


the resulting expressions, and then integrating over the volume V, we get 


Sof (E-D+H-Bldr+wf (E-5D+H- SB)dr 
y v 
- -f{,(H: 0x 5E +E-U« SH)az 
- -f,(V- (GE xi) +0- (oH xE) ~SE-UxH-5H-UxE)dz, 


Using Eqs. (25-4a) and transposing the last two terms on the right-hand 
side of the last equation, we obtain 


buf, (E- D+ - Bldr + wf (5(E - D) + 5(N > B)}ar 


* 7 J (SE x Wt oH SEV erg 


(25-6) 


in the case of perfectly conducting cavity walls. Thus we get the formula 


45 J, (8(E + D) + 8(H + B)Jar 


SY caer ie(2Suy 
w j, (E> D+ - Bjar ae 


When the perturbation is due to the insertion of a magnetic or di- 
electric Specimen in the cavity, 


losses are introduced into the system by 
“the specimen. 


There is then a reduction in the unloaded Q, Qy. of the 
cavity as well as a shift in the resonance frequency. This may be repre- 


sented (provided we use an exponential time dependence) as 


ieatia Pk jw, » Ww 


i 8) ethers (25-8) 
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It may be shown that, for accuracy to the order of 1/Q3, 
a ca Q, “s w, / 2a, : (25-9) 
That this is a correct representation for free oscillations (the total 


energy, ¥, in a freely oscillating circuit varies as W = Woe 0t/@) may 


be seen by examining the field 
E.:i= Bett 


Then we have from Eqs. (25-8) and(25-9) 


E we Ee (0/20) ei@t 
Now 
Ww, ond “1/2Q, 
so that 
YA) $w 7 
2 1 1 1 . 
ee = — Fo 6+ § ray 4 . é (25-16) 
aed | vad 2Q5 en 
Thus 
8w 5Q 
) | 
w& w, ° 22 


In many cases in practice the first imaginary term in Eq. (25-11) is much 


smaller: than the second, and we have 


8 5Q, . 
sch icc Bal ale (25-12) 


2. FIELDS IN A Fernaite 


In a ferrite that is magnetized in the z-direction, the internal 
B and H magnetic fields with harmonic time dependence are related by the 


well-known relations, 
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Brae ae geet etic jx) ; 


3 AT 
B = iy (jx, + HH) ; (25-13) 


Bl = Hotty H, 
The general’ procedure, but not the details, for deriving these equations 

1s ouch ined in Nection CacA tort heriword vies order with respect to the 
third of these equations. From the discussion in Section ¢ just mentioned, 
it is noted that, even in the absence of an applied steady magnetic field, 
there is an effective loca] Static field that is the resultant of the 
anisotropy and internal magnetic fields. In the case of an unmagnetized 
polycrystalline Specimen, the orientation of the chosen z-axis and the 
direction of the local field at any point is completely random. Now the 
Presence of the local field results in a ferromagnetic resonance phe- 
nomenon such that within a frequency range which is contained between 

100 and 10,000 Mc the relative initial permeability of many ferrites is 
less than unity. Therefore we write B, = Hoey A, and remark that My 

will be less than unity for small values of the applied field. 


The coefficients , and kK in Eqs. (25-13) will be complex because 


of damping, 
ae ape Le Jy, ah aes 8) ON Bie Lana (25-14) 


It should be noted that the magnetic field that appears in Eqs. (25-13) 
should be the total local: field that acts on the magnetic electrons, How- 
ever, as further noted-in Section © it is not practicable to caledpare 

the anisotropy field. Furthermore, it can be shown that the field 
ascribable to quantum mechanical exchange forces may fortunately be 
neglected at microwave frequencies. Thus for the local magnetic field, 
ete we shall take 


Hse ey Saleh are Mc Pa (25-15) 


Here H* is the applied magnetic field in the absence of the ferrite Speci- 


men, and M is the magnetization per unit volume of the specimen. N is the 
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demagnetizing tensor expressed in dyadic form: 
NW 2. eye Nict.e.e N. tee N (25-16) 
aie eS FS ss 8 : 


where €, is the unit vector and Nis the demagnetizing factor in the 
x-direction, etc. (1/3)M is the Lorentz field in a cubic crystal (most 
ferrites have cubic symmetry). 


° 
& 


3. ILLUSTRATIVE EXAMPLES 


We shall illustrate the use of the preceding analysis by calculating | 
the effects of some ferrite samples in a rectangular waveguide cavity. 
The cavity shown in Fig. 25-2 will 
be supposed to operate in the TE, 4, 
mode. The unperturbed field com- 
ponents are [we write them for an 


exponential time dependence and 


use Eq. (25-3)] 


pote ba s* Hy canadien A-2326-TR2-88 
eee ag FIG. 25-2 
Pee Ce CUR eS ha RECTANGULAR CAVITY COORDINATE SYSTEM 
9: a ep 4 Iz 3 
OE Ea rari 8 screeners BE sin — cos— , (25-17) 
Ho (a? ne c?) es ‘ 
: £9 c Wx |. £8 
H, = | peas E, Tea ae WF hahaa aes sin-— , 
Mo (a? + c?) a ¢c 


where a is the width of the cavity in the x-direction, ¢ is equal to- 
1/2 Ag, i.e., half the resonance wavelength in the cavicy (the length of 
the cavity in the z-direction is | = nc). The height of the waveguide in 


the y-direction is 6 The corresponding free-space wavelength is 


A > ——— _—_.. (25-18) 


a, SMALL SPHERICAL SAMPLE 


We shal} consider. first the case when a small spherical ferrite 
specimen is placed in the part of the cavity where the electric field is 
zero, for example, where x = a/2, y = 5/2, z= 0. A steady magnetic fiel 


is assumed in the z-direction. 


The demagnetizing factors for a sphere are 
re e. 
AO aN sa eat rr (25-19) 


Thus the demagnetizing and Lorentz fields cancel in a sphere. The only 


non-vanishing component of the magnetic field in the spherical specimen 


As i and therein 


: = 2 si 9 
H- B Myuell, . (25-20) 

Assuming for the sake of simplicity that the sphere of ferrite 
material is small enough so that we may consider the field to be constant 


over the volume AV of the sphere, we get from Eqs. (25-7), (25-12) 


(25-12) 4232 PR) Laie Sate ed eeeaile 
8 5Q, AV d?2 a 
fo; Sa pea a (25-21) 
f 2Q5 V 26 | | 


where V is the volume of ‘the cavity. Thus, noting Eq. (25-14), ne have 


FIRE nies BEE lh al (25 3aae 
“ f av y\2 
50 
o V 2e 
Bs a ee nee een le (25-23) 
2Q2 AY »? . 


The relations of Eqs. (25-22) and (25-23) have been written in 
the form that is appropriate when one wishes to determine #4, and My from | 
measurements of the changes.in resonance frequency and Q,y: A spherical 


sample is most convenient for this purpose because of the simplicity of. 


the expressions. The latter is due to the cancelling of fhe demagnetizing 


and Lorentz fields. 
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: 
: 
‘ 


For the purpose of tuning a cavity magnetically, one is in- 
terested in the variation 5f/f as the steady magnetic field, Hy, is 
varied. This variation is thus dependent upon the variation of HM, as a 


function of H,. 


6b. THIN RECTANGULAR SLABS, I 


We shall consider here the case where thin slabs of ferrite 
material of length lI = nc, width 6, and thickness t are placed in the 
cavity adjacent to the faces x = 0 and x = a. The static magnetic field 


will here again be assumed to be in the z-direction. 


The demagnetizing factors for a thin plane specimen with the 


orientation. stated above are’®. 
N era bs N = WN eni) ORS (25-24) 


From Eq. (25-15) we find that the local magnetic field is 


\ 2 
PRA e Sy Rte BS 
8 g 3 g 
lo 1 
finde ee ieee 2? (25-25) 
Y K et A 
lo 1 
Hee en tw 
: a es 


For obtaining the values of the components of M that occur in Eqs. (25-25), 
we have first of all the Polder relations between the components of B and 


of H as given by Faqs. (25-12%). We also have the further relation 


B= py (H+ M) . | (25-26) 


— 


The demagnetizing factors in the y- and z dizectione are very small when the thickness ¢ is 
very small compared with the dimensions - and 1. Instead of introducing the concept of de- 
magnetizing factors in this case, cne may vee simply the centinuity of the tangentiel coa- 
penent of the MW field and of the normal component of the B field at the aurface of the plane 
specimen, with results sdenticel to these cbtsined below using the demagnetizing factore of 


Fq. (25-24)- 
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Thus we find that, in general, 


M = (u, br" 1)H, oe jxHy 


Mw Jkt) Maye LHS (25-27) 


M, * (uy, av 1)H, 


For the components of H in Eqs. (25-27), it is logical to take the com- 


ponents of the internal field H", where 


Tn i ce , (25-28) 
From Eqs. (25-27) and (25-28) we find for the present case ° 
pee Dh 
M = oy ; M = Liss He ‘ M = (uy - 1)H® (25-29) 
8 ie 2 y My z 
Thus from Eqs. (25-25), (25-26), and (25-29), we have in the ferrite 
4u, - | 
Beg eet ee 
5 ‘ 0 3p, s 
ie 
B= ws, (25-30) 
y Caer er, 


Let the permittivity of the ferrite be e(€ = € €), where € = dielectric 
constant). The electric field is tangential to the surfaces of the fer- 
rite slabs (it is assumed that the ferrite material does not change ap- 
preciably the field distribution in the cavity) and must be continuous 
there. We assume that the thickness of the slabs is small enough so that 
the field has the same form in the ferrite medium as the unperturbed field. 


We now use Eqs. (25-17) and (25-30) to calculate the integrals of Eq. (25-7). 
We obtain 
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$5 t a? Sp ata? ere Ty + 4x? s erg 
@ eee ed On? ant 
a 
ee arnt 
sin — 
4t ce? a 
+—— (] - 1+ 
3a ( ae ) aD yy 27rt 
a 
Da 
A sin — 
Bg eo ey (25.31) 
a “ 27t 
a 


For very thin samples (i.e., for 27t/a << 1) and with small 
applied static magnetic fields, the second term in Eq. (25-31) predominates 


in the case of many ferrites. In this case we get from Eq. (25-31) 


Pr) One <? 
es ce ast 
(25-32) 
5Q, A 16 Bi iets <? 
ek eee 


c. THIN RECTANGULAR SLABS, 11 


Let us consider next the case when the applied static magnetic 


field is in the positive y-direction. In place of Fq. (25-13) we now 
have 
Be = Hy (uM + jel) 
, z ‘ oe. 
BY $2 appt h Hy j (25-33) 
B, Cay (-jxH, i 4H) 
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ard in place of Eq (25-27) 
Ne ee + jx, 


Ns Wg heer) Hd, (25-34) 


y 


M 2 ~jKH + (ut, = 1)H, 


From Eqs. (25-28) and (25-34) we get 


Pie a3 
Ma He + 2% ye Moo» (uy - 1H 
. 2 2 
si ps 
Mitre bet ere eee - ) He. (25-35) 
: Hy i By 


Finally, by combining Eqs. (25-25), (25-35), and (25-26), we obtain for 


the particular case when H§ is zero, as in Fq. (25-17), 


Ff 4u, - 1 lye be l jx He 

= be 5 SINR eRe —— a 

s 0 3y, 5 3 pes 
| A ie, oh (25-36) 


We shall let 


* pb (25-37). 


is the effective relative permeability in the case of an infinite medium 
in which there propagates a plane wave in a direction that is perpendicular 
to the direction of the applied static magnetic field. Evaluating the 
integrals in Eq. (25-7), we find 
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Sea P qt Sut Wo Ty tak sin —— 
@ a a ce Px Ou? ant 
a 
[ : Q7nt 
sin —— 
t ce? 4 K? a 
a Pe seh LE Spores + %J - 11 Pires 
ag? + ¢? Qu? ant 
a 
ant 
; sin 
a 
on ce ey a Sag aes (25-38) 
ia 


For very thin slabs this becomes 


Soh usd, B De ree x? 
bee es ce — 44] xp? + ——] + me 7 2 ; (25-39) 
w a4? + ig? 9 Qui 


Sf/f is obtained by taking the real part of Eq. (25-39). 


Cc. DISCUSSION OF THE ACCURACY OF THE ASSUMED MATHEMATICAL 
MODEL OF THE FERRITE 


The equation of motion for the magnetization M at a point in a 


ferrite specimen has the form 


dM a aa 
—_— = - Mx (We -n-M+tH +l } +—|M x . (25-40) 
dt ly Ho ( anis. tT] “al dt 


Here y is the gyromagnetic fatv, 171 = gle|/2a; H* is the value of the 
applied field, external to the specimen (assumed to be of a shape for 
which demagnetizing factors can be defined). In general, H® has a static 
part and a time dependent part. N is the demagnetizing tensor expressed 
in dyadic form. H,,, and H, are effective fields that take into account 
respectively the ferromagnetic anisotropy and the so-called Weiss molecular 
field that is responsible for ferro- and ferri-magnetism, The last term 

in Eq. (25-40) takes into account damping (@ is a phenomenological damping 


constant). It results in the fact that all the permeability coefficients 
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are complex. The Lorentz field, (/3)Minche case of cubic symmetry does 
not appear in the equation of motion because it obviously has no effect 


for most ferrites (that have cubic symmetry) since M.* M vanishes 


The anisotropy field is the property of a single crystal. It is” 

the field that describes the effect of the observed magnetic anisotropy, — 
This anisotropy arises because the electron spins experience the symmetry 
properties of the crystal through the quantum mechanical medium of Spin- | 
orbit interaction, the orbital wave functions having the symmetry of the 
crystal. -In the case of the polycrystalline material used in practice, 
the net effect of the anisotropy field can be obtained only by averaging — 
over all the randomly oriented crystals. A calculation of this type has 
not as yet been done; we shall neglect, therefore, anisotropy except for 
noting that, because of associated ferromagnetic resonance phenomena, it 
causes the relative permeability to be less than unity in the absence of 
an applied static magnetic field, over a large frequency range. Since the 
anisotropy field may be of the order of a few hundred gauss, its neglect 
should be remembered when using results similar to those of the preceding 


section for small values of the applied static field 


The Weiss molecular field, ascribable to quantum mechanical exchange 
forces, is proportional to V?M for cubic crystals It can be shown that © 


the effect of this field is negligible at microwave frequencies. 


If one assumes a harmonic time dependence for the time dependent 
quantities in Eq. (25-49) and keeps only first order quantities, one ob- 
tains the time varying components of the magnetization in terms of the 
components of the magnetic intensity. Combining these relations with 
B= yo (H + M), one obtains the well-known relations of the Polder perme- 


ability tensor as given in Eq. (25-13). 


It must be remembered, however, that so far the Lorentz field has not 
been taken into account, because it drops out of Eq. (25-40). If one has 
a finite magnetic specimen in a magnetic field and considers the force 
acting at a point in the specimen, one gets the following picture. In 
addition to the externally applied field, H®, one has, for one thing, the 
field due to the surface charges on the surface of the specimen. This is. 
the demagnetizing field -N + M. Further forces at the point in question 
arise from all the other dipole moments in the specimen. These may be 
taken into account in the following way. A (fictitious) sphere is cut out 


of the specimen around the point in question. The field of the dipoles in 
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the remaining part of the specimen is equal to the field of the surface 
charge distribution on the surface of the resulting cavity. This is the 
Lorentz field. The field of the magnetic dipoles within the sphere 
vanishes when either these dipoles are oriented randomly or, as is the 
case of most ferrites, if the magnetic environment of the given point has 


cubic symmetry. 


Thus we see that, in addition to the fields considered in connection 
with Eq. (25-40), the Lorentz field must be taken into account in comput ing 
the change in resonance frequency of a cavity that contains a ferrite 


specimen, 


D. DISCUSSION OF RESULTS 


The theoretical derivation of the magnetic tuning of rectangular 
resonant cavities containing slabs of ferrite is similar to that of Jones, 
Cacheris, and Morrison,? but differs in three respects: first, the 
present analysis includes the effect of the Lorentz field; second, the 
unloaded Q of the cavity is computed; and third, the fields within the 
ferrite are determined through the concept of demagnetizing factors rather 
than by directly matching boundary conditions at the ferrite-air inter- 
face, The utility of the demagnetizing factors is illustrated in the dis- 


cussion of the magnetic tuning effect of a small spherical ferrite sample, 


Examination of the measured values of the permeability components 23 
reveals that the operating region of low magnetic field will be the most 
suitable for the purpose of tuning cavities when one takes into account 
the possible losses and the values of the required static magnetic field. 
Because re increases with applied field, it may be seen that if the 
biasing field is oriented in the z-direction, increasing the biasing 
field will decrease the resonant frequency. On the other hand, if the 
control field is oriented along the Y-axis, increasing the magnetic field 


will increase the resonant frequency. 
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CHAPTER 26 


TWO FERRITE-LOADED FILTER STRUCTURES 


In Chapter 25, a perturbation analysis was presented of the tuning 
characteristics of cavities loaded with small pieces of fenrice: It was 
shown that tuning ranges of about 10 percent could be obtained in this 
manner. <A technique was proposed for connecting several directional 
filters that contain small amounts of ferrite and that tune over adjacent 
narrow frequency bands, to form a composite directional filter that tunes 
over a frequency ‘band that ois the sum of the tuning bands of the 


individual filters. 


In thas chapter two other techniques are described for utilizing 
ferrites to tune over a wide frequency range. The quantitative per- 
formance of one of these filters 1s determined by utilizing the results 
of some microwave measurements while the performance of the other filter 


is determined by means of a perturbation analvsis. 


A. FERRITE-LOADED CAVITIES WITH MULTIPLE RESONANCES 
1. Description oF System 


The basic element in the first of these tunable filters is a ferrite- 
loaded transmission-line cavity that is several half-wavelengths long. 
The tuning range of such a cavity can be made to cover a broad continuous 
band if sufficient phase shift is obtainable so that the electrical length 
of the cavity can be changed by 180 electrical degrees as the ferrite 
magnetization is varied. Thus 
referring to Fiy. 26-1, which RESPONSE 


shows the natural resonant fre- 


quencies of the cavity when the | | | | | 
ferrite is in the unmagnetized re 


t, t, FREQUENCY 
condition, it 1s seen that the ets 
cavity may be made - ager : FIG. 261 

t f cy within the ban 
eee MULTIPLE RESPONSES OF A 


of frequencies from f. to f, | TRANSMISSION-LINE RESONATOR 
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where 180-degree phase shift is obtainable, by shifting the nearest re, 


nant response to the desired frequency. 


2. EXPERINENTAL MEASUREMENTS ON FERAITE PHase SHIFTER 


A single cavity resonant in several different modes will have unde 
sirable spurious responses and a stop band rejection insufficient for g 
applications. These spurious responses may be eliminated and: the stop 
rejection increased by cascading several ferrite loaded filters of diff 
lengths. The way in which the spurious responses are eliminated is ill, 
trated in Fig. 26-2, for the 


case of three cascaded. filters, ' 2 3 . 
which shows that for the par- me focal ig mE a 
ticular setting of the phase RESPONSE i 
shifters in each cavity the 
composite filter transmits sig- , 
nals only at the desired fre- : 
quency f,. 3 
: y to FREQUENCY 
At the time this investi- oa 
gation was started there were ; 
no easily accessible data on ; FIG. 26-2 hi 
the frequency behavior of CASCADE OF FILTER RESONATORS SHOWING METHC 
forrivel phatesshd ttere Garhere® OF ELIMINATING UNWANTED MODAL RESPONSES 


fore a series of measurements 

were performed on a very promising type of reciprocal waveguide phase 
shifter recently described by Reggia and Spencer! to determine its operi 
ting bandwidth. This phase shifter has low attenuation and produces la 
phase changes as the applied field is varied from zero to the order of « 
hundred oersteds. The phase shifter consists of a rectangular waveguide 
operating in the dominant TE, mode with an axial ferrite rod lying along 
its centerline. The applied magnetic field is directed along the axis ¢ 
the ferrite. 


The phase shifter measured utilized a length of standard, rectangul 
X-band waveguide having inside cross-sectional dimensions of 0.9 by 0. 4 
inch. The ferrite used was a cylinder of Ferramic R-] 0. 250 inch in © 
diameter and 4.00 inches long. Reflections from the ends of the rod wer 
small because each end of the rod was tapered over a length of 0.71 inch 
The change in phase shift, Ad, and the change in the dissipation loss 


(insertion loss minus reflection loss) with applied field were measured 
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in the bridge circuit shown in Fig. 26-3. Measurements were made at a 
number of discrete frequencies between 8.2 and 10.6 kMc and the DC mag- 
netizing field was varied from 0 to 77 oersteds. The results of these 


measurements are shown in Fig. 26-4. 
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FIG. 26-3 
SCHEMATIC DIAGRAM OF PHASE COMPARISON CIRCUIT 


To make full use of these data in filter design, it ts necessary to 
know not orvhy the differentia) phase shift Sf for various applied magnetic 
fields, but also the insertion phase shift Ap,, for zero applied field. 
Figure 26-5 gives values of insertion phase shift per unit length vs. fre- 
quency for the phase shifter. An uncertainty of 360m degrees—a = Q, l, 
9--is inherent in the phase shift measurements from which this curve was 
calculated but this indeterminacy was removed, as explained later. Al- 
though all phase shift measurements were made using a ferrite rod tapered 
on both ends, the measured phase shift was in each case converted to phase 
shift per unit length by considering that the tapered rod and a uniform 
rod of the same diameter but different fixed length are approximately 
equivalent at all frequencies considered. The length of uniform rod 
equivalent to the tapered rod was calculated for one frequency (f = 9. 1kMc) 
with the aid of Fig. 13 of the paper by Reggia and Spencer! (which gives 
guide wavelength Aor vs. rod diameter), and the following formula for in- 


sertion phase shift in degrees, for a ferrite rod of effective length l, 


; 1 
Ap, = 360 Olle shag (26-1) 
r 
ef 6 
Thus by substituting in Eq. (26-1) ute = 4.75 cm (f = 9.1 kMc), Aor a 2.7 cm 


(from the Fig. 13 mentioned above) and Ah, = 450 degrees (measured value) 
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FIG. 26-4( a) 
DIFFERENTIAL PHASE CONSTANT VS. APPLIED MAGNETIC FIELD 
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FIG. 26-4(b) 
DISSIPATION LOSS VS. APPLIED MAGNETIC FIELD 
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we find l, = 7.82 cm, or 3.08 inches. This value of l, 1s not unreasonan | 
able, because the actual ferrite length is 4 inches, hence the indeterminacy 
of 360m degrees is removed, with m = 0. As a second check, a calculation 

of l, at. 8.2 kMc was made by comparing, at this frequency,, the insertion 
phase shifts of two tapered ferrite rods differing in length by 2 inches, 

In this case we measured a phase difference of 226 degrees (again accurate 
only to within +360m degrees, but we now assume m = 0). The measured . 
differential phase shift is Ap, = 352 degrees at 8.2 kMc, whence 

LT, = 3.11 inches, which value is in clese agreement with that previously 
calculated. It appears certain, therefore, that m = Q in both of the above 


cases, and that Fig. 26-5 is correct as shown. 


In these graphs only the rising magnetic field characteristics are 
given; it is to be noted, however, that there is a pronounced hysteresis 


effect. This can be seen in the curve of Fig. 26-6 which gives differential 
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FIG. 26-5 
INSERTION PHASE SHIFT VS. FREQUENCY FOR ZERO APPLIED MAGNETIC FIELD 
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FAG. 26-6 
PHASE SHIFT HYSTERESIS LOOP AT 9.6 kMc 


phase shift for both increasing and decreasing DC fields, and for reversed 
field. 


3. Utitrzation oF Data 


The unloaded Q, Q, of a magnetically tunable resonator which is 
several half wavelengths long and partially filled with a well-matched 
ferrite rod can be obtained from the measured performance of ferrite phase 


shifters with the aid of the following formula: 


dB, dB 
termes. a 
ra) dw ® dw 


(26-2) 


Here 


t, +l) = over-all cavity length 


F a ; 
I, = effective length of the ferrite rod 
a,l, = dissipation loss (nepers) of the ferrite- 
loaded section of the cavity 
al = dissipation loss (nepers) of the air-filled 


section of the cavity 


@ « radian frequency 
. Qn 
Bp 
gf 
ny s guide wavelength in ferrite-loaded section 
of the cavity 
an 


Meets “re 
ce 


j A, = guide wavelength in the air-filled section 


8 
of cavity 

dB, 
—— = reciprocal of the group velocity in the: 
deg ferrite-loaded section of the cavity « 
dB | ae oar 
aes reciprocal of group velocity in the air-filled 
w ! 


section of the cavity. 


The quantity (dB ,/dw) can most easily be obtained from a graph of w 
versus 8,. Such a graph for various values of applied magnetic field*® is : 
shown in Fig. 26-7. Also, for convenience, a frequency scale is included, — 
and By is given in both radians per centimeter and degrees per centimeter, _ 
A, was determined for various values of applied magnetic field by adding 
the insertion phase constant for zero applied magnetic field, the 
differential phase constant for varying applied field and B of the air- 
filled waveguide. The effect of slight mismatches was neglected in the 
calculations of the various phase constants of Fig 26-4 and the w vs. B, 
curves of Fig. 26-7 and this simplification appears: to be justified by the — 


smooth curves which result from these calculations. 


The unloaded was calculated for a ferrite-loaded resonator at 
several ‘pairs of values of w and applied field by means of Eq. (26-2) and oy 
the data of Fig. 26-4 and Fig. 26-7, and these values are shown in Fig. 26-7 
PRS nN USS NE i A I se ; 


“ The term applied magnetic field in understood here to mean the velue of the field im the solenoid : 
before the ferrite is inserted: 3 
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FIG. 26-7 
w- CURVES FOR 1/4-INCH FERRITE ROD IN STANDARD X-BAND WAVEGUIDE 


at their respective operating points. The values of Q, shown can be in- 
creased by adding a length of air-filled waveguide 1,. The tuning range 


‘of such a composite cavity can then be calculated, for any longitudinal 
mode, from Fig. 26-7 by means of the formula 


Bylot PAGicr ONS (26-3) 


provided the two portions of the cavity are matched to each other. 


Thus, from Fig. 26-4(a), one can easily determine that the (effective) 


length of the ferrite must be at least (180/30) = 6.0 inches in order te 
obtain 180 degrees phase shift at 8.20 kMc with an applied field of 

70 ocrsteds. A ferrite-loaded cavity 6.0 inches long (l, = 15.24 cm) will 
be tunable from 8.20 kMc to 10.30 kMc with a field of 70 oersteds or less 
before losses become excessive. In this case, Eq. (26-3) reduces to 


Byl, = am, and (n' 2» 9, By, = 1.85 radians per centimeters) is the solution 
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that falls in the’ 0-70 oersted range at 8.2 kMc on Fig.26-7. The field . 
is about 12 oersteds for resonance at this frequency and Q, is calculated 
to be 264. As the field is reduced to zero, the cavity would tune in the 
n= 9 mode to about 8.3 kMc. To tune to a higher frequency it would be 
necessary to use then - 10 mode corresponding to B, = 2.06. Inspection 

of Figt/26-Tushows that this mode would tune from about 8.25 to 8.65 kMc. 
Still higher frequencies are obtained by further increasing n. For filter 
cavities in which sections of air-filled waveguide have been added to ob- 
tain higher Q, and to form a composite filter for the purpose of suppressin, 
unwanted modes as indicated an Fig 26-1, the loci. of the points of resonance 
may be obtained by plotting on Fig 26-7 solutions ‘of Eq. (26-3) There wil] 
be one locus (line segment) for each cavity and each value of n, and this 
plot may be used to determine suitable values of {, and l. and, finally, 

to serve as a tuning diagram Other factors that also affect the tuning 
range, but which were not considered in the above argument; are the shape 
of the ferrite and the impedance match between the air-filled and ferrite- 


loaded portions of the cavity. 


The experimental data and the analyses given herein indicate the 
performance that can be obtained from a ferrite-loaded waveguide phase 
shifter used as a resonator It is seen that in order to obtain resonators 
having high Q it is necessary that the cavity length be greater than the 
length of the ferrite rod, and hence these filters would be rather bulky. 


B FERRITE TUNABLE FILTERS OPERATING NEAR FERROMAGNETIC 
_ RESONANCE ; 


] THEORY OF PROPOSED FILTER 


The second scheme investigated here for constructing a magnetically 
tunable filter with a wide tuning range makes use of the dispersive 
properties of ferrites near ferromagnetic resonance. The actual device 
considered is shown in Fig. 26-8. It consists of two waveguide hybrid T’s. 
and two dispersive ferrite phase shifters, each of which is biased by means 
of an external magnetic field to have a slightly different ferromagnetic: _ 
resonant frequency. Ideally the device Operates in the following manner. 
Input power is equally divided by the first hybrid-T between the two arms 
containing the phase shifters. At frequencies either well above or well 
below the ferromagnetic resonance frequency, the waves Passing through 
each phase shifter will suffer approximately the same amount of phase shift 


and hence they will combine in phase in the output hybrid-T and emerge 
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SCHEMATIC DIAGRAM FOR FERROMAGNETIC RESONANCE BAND-SEPARATION FILTER 


from the sum terminal. - At frequencies near the ferromagnetic resonance 
frequency, where the phase delay of the phase shifters changes rapidly 

with frequency, the waves passing through the ferrite phase shifters will 
suffer unequal amounts of phase shift. At the frequency where the phase 
difference between the waves is 180 degrees, all the energy will emerge 
from the difference terminal in the output hybrid-T. Hence it is seen 

that at the difference terminal. of the output hybrid-T the device will act 
as a band-pass filter while at the sum terminal it will have the charac- 
teristics of a band-rejection filter. The center frequency of these filter 


responses 1s changed by varying the biasing fields. 


In an actual device the unavoidable dissipation loss in the ferrite 
will modify these ideal characteristics. In order to determine how serious 
the losses are, a theoretical study was made of a particular ferrite phase 
shifter. The phase shifter chosen for investigation consists of a circular 
waveguide that propagates a circularly polarized TE,, mode and which has 
a slim axial ferrite rod criented along its center line. The ferrite rod 
is assumed to be reflectionless and ideal quarter-wave plates are assumed 
ko exist) at each end of the phase shifter to convert the circularly polar- 


ized wave into a linearly polarized wave. 


2. THEORETICAL INVESTIGATION oF A FERRITE PHASE SHIFTER 


The phase shift .and attenuation functions of the slim ferrite rod in 
circular waveguide were derived by Dr. Carson Flammer. His initial assump- 


tions, and results are summarized below. 
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A plane wave is first assumed te be traveling in an infinite ferrite 
medium magnetized in the z-direction, which is the direction of propagation. 


The equation of motion in a ferrite body in MhS units is 


M LMI 


aM “alHelne 
Teo PH - (26 - 
Lt Yu, (Mx H,) : 4 


where M is the magnetization per unit volume, uy is the permeability of 
free space, yY 1s the gyromagnetic ratio defined by y = ge/2m (radians/ 
second) per (weber/meter?), ie is the effective magnetic field, and 7 is 
the relaxation time of the ferrite material defined by T = 2/(|y,|O#). 
Here ¥) = Yay, and Af is the line breadth at half value of a curve of the 
imaginary part of the permeability uw’ (to be defined later) vs. the DC 
field inside the ferrite H). In Eq. (26-4) the first term on the right is 
that which accounts for precession of the elementary magnetic particles 
and the second term is the Bloch-Bloembergen damping term. Using Maxwell’s 
equations and Eq. (26-4) the complex components of Polder’s tensor 

HM, = My ~ JM; and x = «" ~ yx' were derived, and from these were obtained 
the effective permeabilities of circularly polarized waves, pt = MH, tX, 


for the two sensesof polarization, Thus: for the real part of pt we have 


wy (w, tw) + “+ 
Be. '= ft SCRE Sel we ETC RET T (26-5) 
(w, + w) ? 5 er 
2 
and for the imaginary part 
wy 4 
Wy T 


(26-6) 


ue 1 
(w, + w)? he 8. 


In Eqs. (26-5) and (26-6) the plus and minus signs are used respectively 
for field vectors rotating with and against the direction of precession of 
the magnetization, also w = 27f is angular frequency, Wy =lylugité is the 
ferromagnetic resonance frequency of the ferrite material and @, is de- 


fined by wy = YHoM,. Here M, is the DC magnetization in webers/mtr’ 


444 


For the case of a finite circular rod whose length-to-diameter ratio | 
ers oft? ef Bitte nett. 
is very large, the magnetic susceptibilities yj =X PXies for 
circularly polarized waves were then derived their real and imaginary 


parts are, respectively, 


( ms er ER 
pe 
vs Byes ee w) (w,7)? ; 
x? : = (26-7) 
(Os + w) 2 “( ) 
Wet 
wy (0, w) 
x ee ae (26-8) 
eesee iw 
oo + w) ? +( = 
of iol 
3 
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cf 
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In Eqs. (26-7), (26-8), and (26-9) a... 1s given for long thin cylinders by 


(26-10) 


The effective electric susceptibility for the long thin red in the direc- 


tion of orientation, z, 18 


Ee ag : (26-11) 


(26-12) 


Here € is the relative dielectric constant of the ferrite. Finally, from 


the foregoing by means of perturbation theory, the propagation constants 
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for the circularly polarizec TE,, mode in circular waveguide loaded with 


a slim, centrally located, ferrite rod are obtained 


, Ag i 
in de Oe er eh Silos | 
Pe ola ea) 
s’ err” 
OF) ian ha ar Eee (26-13) 


In Eq. (26-13) A, is the phase velocity in the unperturbed guide, k is the 
free-space phase velocity, s’ ands are respectively the cross-sectional 
areas of the ferrite rod and waveguide, and C = 1.0474 for circular wave- 
guide. Similar results were obtained by Lax;? however, it is to be noted 
that his formulas have-two apparent errors, one a Sign error and the other 


an incorrect value for the constant C. 


3. CALCULATION oF RESPONSE BASED ON Fonecoinc THEORY 


In order to obtain numerical results it was necessary to assume a 
definite size of ferrite rods etc. The line width of the ferrite material 
is assumed to be AH « 30.8 oersteds and the magnetic field is assumed to 
be of such magnitude in the two phase-shifters that w/w, has the values 
0.700 and 0.635 which values and those chosen for 1, and 1, (approximately 
2/3 guide wavelength) yield theoretically the 8, and a,! curves of 
Figs. 26-9 and 26-10. Here @, is the waveguide cut-off frequency. The 


dielectric constant of the ferrite is taken as ]3. 


With a voltage of 1/2 volts in each arm at the input to the phase- 


shifters the two outputs voltages are the complex sum and difference 
alas [, leet 5 2B )2 ta] 


and 


— 


Diese ek [peta Petada sy, nics dads } (26-14) 


i) 


Here the subscripts ] and 2 apply respectively to w/w) = 0.700 and 


w/w. = 0.635 The'insertion losses for the two outputs, are 
20 log,, |S| and =20 log,, |D] decibels 
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FIG. 26-9 


THEORETICAL PHASE SHIFT VS. NORMALIZED FREQUENCY CURVES 
FOR TWO FERROMAGNETIC RESONANCE FERRITE PHASE SHIFTERS 


The calculated values of insertion loss are plotted against the 
normalized frequency variable w/w, in Fig. 26-11. As can be seen the 
theoretical response does not appear to have useful characteristics for 
a resonance line width Af of 30.8 oersteds, which is about the smallest 
value that can be obtained with sintered garnets. If it were possible 
to construct a device of this type using single-crystal ferrites or gar- 
nets with resonance linewidths an order of magnitude smaller, it seems 
that more useful filter responses could be obtained. However this 


possibility seems remote at the present time. 
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THEORETICAL ATTENUATION VS. NORMALIZED FREQUENCY CURVES 
FOR TWO FERROMAGNETIC RESONANCE FERRITE PHASE SHIFTERS 
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CHAPTER LL? 


TUNING OF RESONATORS BY DIODE BARRIER CAPACITANCE 


A, GENERAL 


Recent advances in solid-state technology have resulted in the pro-. 
duction of junction diodes that may be used as electronically variable 
capacitors at UNE. 12 In the reverse bias condition, these diodes have 
a UNF equivalent circuit consisting of a capacitance in series with a 
resistance. As the reverse bias is varied, the series capacitance varies 
while the resistance remains practically constant. Experiments on a 
welded-contact, gold-bonded, germanium diode reported by Kotzebue® indi- 
cate, however, that although the series resistance is practically inde- 
pendent of bias, in at least some cases the value of the series resistance 
decreases with frequency for a given fixed bias. As a result, the measure- 


ments, °® 


which were made in the range from $00 to 3500 Mc, imply a nearly 
constant diode @ vs. frequency characteristic for a fixed bias. These 
measurements are particularly interesting because it is generally assumed 
that the ( of a diode at very high frequencies will decrease inversely 


with frequency. !? 


In fact, Ref. 2 contains theoretical and experimental 
Aata which show very high @’s at frequencies of a few kilocycles for diodes 
that have poor ('s at UNF frequencies. Thus, if the constant Q vs. fre- 
quency characteristic reported in Ref. 3 is a characteristic exhibited 

more or less by all variable-capacitance diodes, it is a high-frequency 


effect that will not, in general, extend to very low frequencies. 


Ratios of maximum to minimum capacitance of the order of 2.5 appear 
to be readily attainable. The maximum capacitance ranges from about 1 to 
25 wf (most being in the 1 to 4 pysf range) for different diode designs. 
So far the ('s obtainable at UF frequencies with such diodes are marginal 
for tunable-filter applications. Reference 1] cites an example of a dif- 
fused silicon junction diode which has a ( of 100 at 1000 Mc with a reverse 
bias of 7 volts (condition for minimum capacitance). At zero volts bias, 
-the capacitance is greater by a factor 2.5, which yields a @ of 100/2.5 = 40 
at 1000 Mc since the series resistance remains constant. This is a very 


high-quality varrable-capacitance diode at the present time, but as work 
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on such diodes progresses, no doubt 


at least somewhat higher (’s will be | 


attainable in the future. It is in- a, 
teresting to note that Kef. 2 pre- a 
dicts the possibility of ¢'s of : | 

~**several hundred” at 100 Mc, and * R, 


shows curves for diodes which have 


("’s ranging in the thousands at fre- xX | iv 
ape i 


quencies around 30 kc. 


The objective of the analysis to 0< @9' <90° 


follow is to show how electronically fi, 20,1, 2 eee 
M@a-E326-74-1658 


tunable UNF resonators can be de- We 


signed using back-biased diodes such FIG. 27-1 
as those discussed above. One of the A TRANSMISSION LINE RESONATOR 
major objectives is to find circuitry TUNED BY THE BARRIER CAPACITANCE 


OF A BACK-BIASED DIODE 


which, for given diode character- 
istics, will provide as high a @ as possible across any given required 
tuning range. If a variable-capacitance diode is resonated directly with 
an inductance the tuning range will be maximum. However, by use of other 
resonator circuits it is possible to enhance the G of the circuit at the 


price of reduced tuning range. 


The resonator circuits to be treated herein are shown in Figs. 27-1 
to 27-3. Biasing circuits have been omitted for simplicity... As will be 


shown, the circuit in Fig. 27-3 appears to be the most promising for most 


Cs 


iF 


Ce 
L | 
9O-23926-TH-119 , RA-2920-T6-180 
FIG. 27-2 FIG. 27-3 
A RESONATOR WITH DIODE -CAPACITANCE A RESONATOR WITH DIODE-CAPACITANCE — 
TUNING AND AN EXTRA CAPACITANCE TUNING AND AN EXTRA CAPACITANCE Cc, : 
C, TO ENHANCE THE Q OF THE DIODE TO ENHANCE THE Q OF THE DIODE 
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DESIGN PARAMETER CHART FOR THE CIRCUIT 


IN FIG, 27-1, 


FOR THE CASE WHERE n = 1 
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DESIGN PARAMETER CHART FOR THE CIRCUIT IN FIG. 27-1, 


FOR THE CASE WHERE n = 2 
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FIG. 27-7 
CHART FOR DETERMINING Qo, THE Q OF THE OVER-ALL CIRCUIT 


F Qj, THE QOF THE DIODE ~ 


IN FIG. 27-1 IN TERMS O 
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Then for the given diode capacitance ratio (Co? one may deter- 


oe) 


for the selected value of n by use of the 


mine an optimum value of 6) | 


appropriate chart (Fig. 27-4, 27-5, or 27-6). MNaving 6 Z, is found 


ein’ 


from 


0 12 sf (C ) (27-6) 


Next, with the aid of Eq. (27-4) or Fig. 27-7 the resonator Q can be ob- 
tained. The most critical case is at the frequency w,,, where Q, = (Oo) as 


Using 6’ = 6... as the abscissa of Fig. 27-7, the ordinate becomes Q)/(Q,),;,- 
It will be found that Q,/(Q,)_,,, will be larger if a value of n greater 
than zero can be used. However, using a larger value of n may limit the 


tuning range too much in some cases. 


3. CORRECTION FOR TRANSHISSION-LINE LOSSES 


In some cases it might be desirable to include the loss effects of 
the transmission line. in the calculations in order to be sure that the 
net C of the circuit will be as high as is required. The losses of the 
transmission line can be included in the calculations quite easily by 
replacing the transmission line having losses by a lossless transmission 
line in series with a resistor that accounts for the transmission line 
losses. The loss resistor can be lumped with the diode circuit and a new 
effective Q@ calculated for the diode circuit. Then the chart, Fig. 27-7, 


which assumes that the transmission line is lossless, may be used as before. 


To calculate the equivalent loss resistor for the transmission line 


we note that for a short-circuited line 


Z., * 4 tanh (al + jSl) 
tanh (al +y tan Bl) 
0 Nera ers (27-7) 
1 + j(tanh al) tan Bl 
where @ is the attenuation constant in nepers per unit length, # is the 
phase constant in radians per unit length. and | is again the length of 


the line If a l << 1, which would normally be the case, then 
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appreciably. If. a capacitor C, having a Q value fs is inserted in paral- 


lel with Cy, then the resulting Q of the circuit will be 


Gee sl aly \ a 
Vp = = 
mr al, : wl 
Ware, 
C,7c) 
“= Q,/——— |. (27-12) 
Q, ; : | 
+_— 
d 
Speed 


From this equation it is seen that if Q, > Q,, the resulting Q of the 


diode with the shunt capacitor will exceed Qj. In this case 


oe . (Cy eas 4 Cc, (27-13) 
while 
Coes Cees 38 Cc, 
See nega, (27-14) 
Co ak (Co) ie is : 


where C,.. and C.,, are the maximum and minimum values of the total 
Capacitance presented by the diode and Cc in parallel. Recalling that 


the resonant frequency of the circuit in Fig. 27-2 is given by 


so ate (27-15) 
and that 
w = wW,., occurs when € = C.., (27-16) 
while 
@ (tw occurs when C = Co. , (27-17) 
we obtain 
ret Woes : 
a ~ : (27-18) 
ein win 


Combining Faqs. (27-14) and (27-18) yields 


yee Tin ae ae (27 -] 
Cc. (c pene (=) 
(cpa Hae ois 


For convenience in carrying out designs for tunable reaonetoma (Cc ) 


d‘ai 
vs. (w /w 


ve ) - 1 is plotted in Fig. 27-8 for various values of 


(Os Mea) uae With the aid of this graph one can quickly determine 
which value of C, in Fig. 27-2 will give a given required tuning range 
ay (rae for given values of (Goa and (Cola, provided that 

j (C Pa te ts large enough. In general, w..,/%,,;, should not be 

specified any larger than necessary because if Cc, is a low-loss capaci 


the smaller the tuning range the larger Q will ae acrsss the tuning ba 


Let us suppose that the Q’s of Cc, and L are large enough that the: 
may be neglected in comparison with ‘he diode Q. Then Eq. (27-12) 


reduces to 


d 


Cc 
® * a(1 2) (27-2 


By Eq. (27-16) and Fig. 27-2 we see that the minimum values of Q, and ( 


occur at w. so that 


Gere Cc, 97 | 
(@)... BYES tearees ae 


Ww . 
@ia 


Similarly, the maximum values of Q, and Qy occur at @o.,° 80 that 
(Q,) [ C a 
——** ew he . . (27-22 
Creme, Dee (Cia ; i: 
@er 
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FIG. 27-8 
DESIGN-PARAMETER CHART FOR THE CIRCUITS IN FIGS. 27-2 AND 27-3 
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Me (a, ../o, 4) 74 


Using Eqs. (27-19) and (27-22), values of (Q,) /(Q,) 
where computed for various values of 6 = (Oo) 7 (C) 


are plotted in Fig. 27-9. Using Eqs. (27-19) and (27-21), similar data 


aia’ and these data 
for CO eet Oa) ae were computed, and they are plotted in Fig. 27-10. 
It should be noticed that for this case where the diode Q is to be enhanced 


by using a capacitance C, in parallel with the diode, 


7 (Osta 


CIE Se RTE (27-23) 


LO A Pass: 


That is, the resonator Q is enhanced most at w.,, Where the diode Q is 
highest. As we shall see, if a series capacitance C, 1s used for enhancing 
the diode Q instead of C.. then the above situation is reversed so that 
the greatest enhancement of the circuit Q occurs at wW.,, Where it needs 


enhancing most. 


D. USE OF SERIES CAPACITANCE FOR ENHANCING THE DIODE Q 


Let us now consider the circuit in Fig. 27-3 where the Q of the diode 
circuit is enhanced by introducing a capacitance C, in series with the 


diode In this case 


Q ~ &/—— (27-24) 


where Q, is the Q of the series capacitor. Also, in a manner analogous 


to the discussion in Part C, 


(Ca) 13C, 
oh UCHR (27-25) 
and 
on Cr) ee Cc, 35 (Ca) in 7 
Coin ; (Ca) aia Cc, J ee) yess 
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Combining Eqs. (27-18) and (27-26) yields 


ease oe) 


| SRST Gh Sin S41 hl Ole a i (27-27) 
(CL cias Gnen nen 
Chee Gee 


Note that the right side of Eq. (27-27) is identical with the right side 
of Eq. (27-19), hence 


C,: (C,) 


ae a ’ 97-28) 
(c,) 


weexfcase of P cose of 
eeries Cc, shuat c. 


and Fig. 27-8 also serves as a plot of C,/(C,),,, vs. (el cc/a d=) for 
various 6 = (C,) /(C,) 


dd‘ mex aia” 


If Q, >> Q,, then Eq. (27-24) may be reduced to 


. | a 
@. = ae : (27-29) 


Analogously to Eqs. (27-21) and (27-22) where C, is used, for this case 


(Q5) wis 1 eee Be 97 
cine SERRE x ee - 
(O.) es ALN Cc, oe 


Nal | (Ca) is 5 
seers - ire]. (27-31) 
(Qa) wen @=& 7 G, 


As can be seen from Eqs. (27-28), (27-30), and (27-31), one may use 
Figs. 27-9 and 27-10 in the series capacitance case as plots of 


(Ogre) Cal eis and UEP od Si Udy ae vs. (0/37) for various 


where C, is used, 


and 
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b= (Ge) W (Co) Tt should be noted that when series capacitance 


is used for enhancing the diode Q 


eax @ra° 


Mer aye (Oy) cose ; 27 
—— ee LS item cece -32 
(Qs or: ; Matec ; : ! 


which is advantageaus since the circuit Q is boosted the most at the fre- 


quency w... where the diode Q is least. 


E. SOME. NUMERICAL EXAMPLES 


Using diode data taken from Ref. 1, let us consider the -case of a 


diode which has (Gis 10 yyef, (Gas) = 25 suf, and 8 8 Tia = 40 while 
(Qa)eax = 109 at 1000 Mc. Let us assume that the desired tuning range is 
from 1000 to 1100 Mc so that Ce ied Oe see eI Wen, Os) tee will occur 


at 1100 Mc instead of 1000 Mc, so that its value would probably differ 
slightly from 100 at 1100 Mc; however, for simplicity we shall neglect 
this small difference. We shall assume that the only significant losses 


are in the diode for the following examples. 
For the circuit of Fig. 27-1 vith n= 0, 
from Fig. 27-4 for ~ 
Lords (eo) e 1 i 0.1, and eae eiy seal ses 3 2.5 


wetted that 


senuraaise: 

From Fig. 27-7, with 

OG Oe eee oo) and eee 8G 
we find that 

CORR RN nec ee RETA BS 
This gives a Q) at w.. of 
| (3.1)(40) = 124, 

By Eq. (27-5), 


Or le LATS) bss 820500 cate 


Dy Fig. 27-7, 


(QVM) ee 65 0, = OC 100) = ONO a6 al 


Oy eal 2t- 6), we find thet 
Z, «= 4.28 ohms. 


In this case, it would be desirable to have a diode with a smaller (C,) 


d"mis 
and (C,),,, so that Z, could be larger. 


For the circuit tn Fig. 27-1 with n= 1 


we find, from Fig. 97-5, ‘that 


| etch: 
and, from Fig. 27-7, that 
Qa el ets 6. 
Thus, 
| eee mC UL mer wrr Uac ee 
“By Eq. (27-5), 
Goce 40acat Woe 
so that, by Fig. 27-7, 
GeO er dad Nd Ugly eo Ad 1100) 0. s AAO, 
In this case, Fq. (27-6) gives 
Zp % 43.8 ohms, 
which is a convenient value. Thus. for this case, 
ar ane ‘ 25 wut 
is a good level of capacitance. 
For the circuit in Fig. 27-1 with n = 2 or greater 


we find that using the diode under consideration, the circuit cannot be 


used In order to obtain the required tuning range, 
Ts ad) «im - 5 
' would be required. 
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For the circuit of Fig. 27-2, 
we find from Fig. 27-8 that 


(Ca)Li,/C, = 0.164 


Bin 
so that 


_€, = 10/0.164 = 61 ppt 


in order to give the desired tuning range. Now, 
Cc Papert 61 os) 86 yt 
so that 


PPP ND OSIM Tink e henry. 


In this case, the values of Cc, and L would be easier to realize if (c,)ae 


and (C,) were reduced in value. Dy Fig. 27-10, 


d/ mex 
Oar) years 145.4 
so that 
Op a 5 Aba 40) ete 38 bane eann 
By Fig. 27-9, 
CHM IO = Ge 
so that 
Os 8, LODE CRS reat 710 at w. 
For the circuit in Fig. 27-3 
we obtain, in an analogous manner, 
Cl etna Viet en Meme OTe eT One henry, 
Q, = 284 at oi, and Q, 2 347 at Woy 
Injthis case’ the! gizenValucs/of (CJ) andi J. 0 gavel convent ene 


values for Cc, and L, as will be illustrated in Part F. 


The Q values from the preceding examples are listed in Table 27-}]. From 


these values it is evident that the circuit of Fig. 27-3 gives the best Q 


at wi, while the circuit ini Figs oe? -l) with nee Licomas va fairly close . 
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second. The circuit in Fig. 27-3 has the additional advantages of being 
realizable in a form which is far more compact than the circuit in Fig. 27-1, 
and the circuit of Fig. 27-3 has no resonances below the primary resonance, 
while the circuit in Fig. 27-1 with n = 1 does. However, «the circuit in 
Fig. 27-1 with n = 0 or n = 1 should be a convenient one for testing diodes 


to determine their capacitance and & values. 


TARLE 27-1 ‘ 


COMPARISON OF RESONATOR Q's OBTATSED WITH 
THE CIRCUITS OF FIGS, 27-1 TO 27-3 
Bente. UCR CE pg DR FAD aie & FOV (OD ge © WOO! 


for frequency range 1000 to 1360 Mc 


TYPE OF RESONATOR 


It is of interest to note how selective a filter would be if con- 
structed with resonators such as those in the preceding examples. Lee us 
consider the example for the circuit in Fig 27-3 where the unloaded Q 
of the resonator averages about 300 as the tuning 1s varied across the 
band from 1000 to 1100 Mc. If the resonator has equal couplings at its 
input and output, and if these couplings are adjusted to give a 1-db mid- 
band insertion loss. then the 3-db bandwidth of the response will be about 
31 Mc while the 100 Mc tuning range is only 3 2. times this much. Using 
the three-resonator filter dave in Fig. 23-4, it is seen that for 
a minimum-loss, three-resonator filter designed to have a 3-db loss at 
midband. the bandwidth at the 20-db points will be 38 7 Mc if the unloaded 
Uis of the resonators 1s 300 In this case the 100-Mc tuning range is 


2 58 times as great as the bandwidth between 20-db points. 


From these examples it is seen that the resonator Q's attainable with 
present diodes at frequencies around 1000 Me are not high enough to perr’< 
electronic tuning so as to separate a given signal completely om othe: 
strong signals whose frequencies are close to that of the desired signal. 
However. for situations where the incoming signals have reasonably constant: 
average amplitude and are not too closely spaced in frequency, a filter 
such as that in the example above could determine the frequency of the 


incoming signal much more accurately than the tuning bandwidth to 20-db 
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nrg 


bandwidth ratio suggests. This is possible if the electronic tuning is 
calibrated and synchronized with a recording device so that the signal 
frequency can be determined as the tuning frequency for which the output 
of the filter is maximum. Along with the conclusions in Sec. Gof this 
chapter, a suppested method for obtaining broadband operation. by use of 


paralleled. diode-tuned filters is briefly discussed. 


F3 PHYSICAL, REALIZATION OF A RESONATOR USING. Cc, 


Since the resonator circuit in Fig. 27-3 appears to be the most 
practical for use in UNF electronically tunable filters, let us see how 
such a resonator might be built. From Part EF, C= 4.1 puf while 
bse eat Re yh ae 8 henry This value of C, could be realized by a small 
slab of low loss dielectric material between metal plates, A circular 
slab of dielectric with a diameter of 0.370 inch and a thickness of 
9.015 inch would be adequate if the relative dielectric constant were 
2.5. Figure 27-11(4) shows a possible resonator design with C, realized 
in such a manner. To realize L, we wish to use a short-circuited stub 
which is less than an eighth of a wavelength long. Since in air A = 11.8 inch 
at 1 kMc, a one-inch stub should be about right. For a short-circuited 


stub less than an eighth of a wavelength long, 


VARIABLE BIAS 


| DIELECTRIC SLAB 


AND METAL PLAT 
FINE WIRE CHOKE J O METAL PLATE 


a TO FORM 
AND OC BIAS Wa tie 3 
CONNECTION : 

SEN 
She ues OIODE TO FORM Cy, 
COUPLING 
= Po cease 
COUPLING ~~ LINE 
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FIG. 27-11( a) 


A POSSIBLE FORM FOR A UHF, DIODE-TUNED RESONATOR 
USING SEMI-LUMPED ELEMENTS AND A SERIES CAPACITOR Cc, 
TO ENHANCE THE DIODE Q 


472 


(27-33) 


: 
where v is the velocity of propagation, Z, is the characteristic impedance 


of the stub, and 1 is the length of the stub. If | is measured in inches 


LY. 0}° 
oe “ ; (27-34) 


For | = 1 inch and L = 7.27 * 107° henries we obtain Zy = 85.7, which is 

a very practical value for an air-dielectric line. Figure 27-11(a) shows 

a capacitively coupled resonator of the proposed design, while Fig. 27-11 (b) 
shows its equivalent circuit. Note that the capacitor C, acts as a DC aa 
blocking capacitor as well as to enhance the diode Q. The diode bias is 

applied by o fine wire choke connection to the diode side of C, and to 

ground, It should be readily possible to build multiple-resonator, 


tunable, filters by cascading resonators of this type. 


44-2080-70-188 


ware 


FIG. 27-11(b) 


AN EQUIVALENT CIRCUIT FOR THE 
RESONATOR IN FIG. 27-11( 4) 
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G. CONCLUSIONS 


The results of the inyvestipation of electronic tuning of resonators 
with diode capacitors shows that this method of electronic tuning should 
be feasible for some applications, particularly at frequencies of 100 Me 
or less for which the diode O's anparently are higher. For applications 
involving frequencies around ]000 Me or above, the Q's of diodes presently 
available are:rather low, but GrouapLY pood enough for some situations. 

In most cases, to build filters having sufficiently high resonator Q’s, 
additional high-Q elements must be added, which in turn wit} reduce the 
tuning range. In order to construct filters with such resonators so as 

to cover a wide tuning range it might be possible to use a group of paral- 
led filters such that each filter would cover a portion of the required 
tuning range. This might be done in a practical way by adjusting the 
tuning voltages so that the resonators of all but one multi-resonator 
filter are so badly misaligned that little signal can come through in the 
unwanted frequency bands. Nowever, the filter which covers the desired 


frequency would be electronically tuned so that it would pass that frequency. 
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CHAPTER 28 


MAGNETICALLY TUNABLE MICROWAVE FILTERS 
USING SINGLE-CRYSTAL YTTRIUM- IRON-GARNET RESONATORS 


\. INTRODUCTION 


With the increased use of continuously tunable microwave receivers, 
there has been a demand for a non-mechanical ly tuned, narrow-band filter 
which is tunable over a broad band of frequencies in the microwave fre- 
quency range. Previous attempts to solve this problem have included the 
use of cavities containing ferroelectrics, “varicaps” or voltage-tuned back- 
biased diodes, and ferrites (See Chapters 25 and. 26 and Refs. 1-6). 

In general, tuning ranges of only a few percent are possible using these 
techniques while at the same time maintaining a high unloaded resonator 


(a. 


iWigh losses are the main difficult. with the techniques listed above. 
These losses are greatly reduced by the use of the ferrimagnetic material, 
yttrium-iron-garnet (YIG). Single crystals of this material are now 
available commercially; they show extremely low losses when used as the 
resonant element in a bandpass (or band-reject) filter. The 9, of this 
material considered as a resonator is typically between 2,000 and 4,000 
at X-band frequencies, and it therefore compares favorably with transmission- 


line and hollow-cavity resonators, ; 


This new approach to the problem of non-mechanical tuning makes use of 
the equivalence between a resonant circuit, such as an inductively coupled 
cavity or lumped element serires-resonant circuit, and an inductively coupled 
magnetic resonator, biased with a UC magnetic field. This equivalent circuit 
was first worked out. analytically by Bloembergen and Pound? and was first 
applied by DeGrasse® to the design of an S-band filter limiter using a 


“single-crystal YIG resonator. 


The tunability feature results from the fact that the resonant fre- 
quency 3S nearly a linear function of the applied DC magnetic biasing field 
This feature allows a very broad tuning range, limited mainly by the band- 


width of the microwave coupling structure employed. 
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The first part .of this chapter consists of a mathematical analysis — 
of the equivalent circuit of a ferrimagnetic resonator coupled to external 
loads by means of loops, transmission lines, and waveguides. Analytical 
formulas for the external Q, Q,, of the ferrimagnetic resonator are given 
for loop, transmission line and TE») -mode waveguide coupling circuits. An 
expression is obtained which relates the unloaded Q of the ferrite resonator 
to the properties of the ferrite (i.e., saturation magnetization, damping 


time, and gyromagnetic ratio). 


The second part of this chapter consists of descriptions of, and per- 
formance data taken on, two types of magnetically tunable filters operating 
in the Y-band ragion and above. These are (1) a single resonator filcer 
which has a tuning range from 7.0 kMc to 11.2 kMc, and (2) a two-resonator 


filter whose tuning range extends from 8.2 kNe to 14.0 kMc. 


B. BASIC PRINCIPLE OF OPERATION 


The basic idea of the magnetic resonance filter is illustrated in 
Fig. 28-1. Shown here are two coils which have their axes at right angles 
to each other, with a small ferrite sample at the intersection of the axes 
of the coils. When the sample is not magnetized, no power is transferred 
between the coils because the loop axes are perpendicular to each other 
and there is no interaction with the ferrite. When a DC field, Hy is 
applied along the z-axis, and an RF driving current, Ler Sin is applied 
to the terminals of the x-coil, the magnetic moments of the electrons in 
the ferrite precess around the z-axis thus producing an RF magnetic moment . 
along the y-axis and inducing a voltage in the y-circuit. | The precession _ 
angle is largest, and thus the induced voltage in the y-coil is maximum at 
ferromagnetic resonance given by wy * oyl,” for a spherical ferrite; where 
y is the gyromagnetic ratio and is very close to 1.759 x 10!! for electrons 
in most ferrites, The drop-off in response away fromresonance is determined : 
by the degree of coupling of the external loads R, and R, and the internal 
losses in the ferrite. It is shown in Sec. C that the equivalent circuit 
of this device is a resonant circuit, inductively coupled to the output 
lines or loads. This circuit is also a Kyrator; the phase shift in one 
direction through the circuit differs from the phase shift in the other 


direction by 180 degrees. 


———__—_————————— 


These quantities are defined in Sec. RB. 
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FIG. 28-1 
MAGNETIC RESONANCE FILTER 


One requirement on the resonator in a low-insertion-loss narrow-band- 
pass filter is that the internal or unloaded Q, O,, be high. Although it 
is necessary to specify the application in more detail in order to specify 
what exactly is meant by “high Q,," it may be stated in general that Q,'s 
of several hundred or higher are usefu! for filter design. Unloaded Q's 
of this order are obtained at microwave frequencies with single-crystal 


yttrium-iron-garnet material. 


The second requirement to obtain lowinsertion loss in a narrow-band, band- 
pass filter is that the external Q, Q,, of the resonators be considerably 
lower than the unloaded Q, Q,. It was not apparent from previous work by 
DeGrasse® that sufficiently low Q, could be obtained over a wide tuning 
range. It is shown in the experimental and theoretical studies reported 
below that sufficient coupling can actually be obtained without the use 


of the narrow-bend impedance matching employed by DeGrasse. ® 


Two other characteristics of single crystal ferrimagnetic resonators 
must be considered in designing a magnetically tunable filter, namely 
(1) magnetocrystalline anisotropy and (2) the higher-order magnetostatic 
modes. The effects of these properties on filter characteristics and 


design are discussed below. 
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C. ANALYSES AND MEASUREMENT OF COUPLING CHARACTERISTICS AND 
EQUIVALENT CIRCUITS OF FERRITE RESONATORS IN LUMPED- ELEMENT 
CIRCUITS, TRANSMISSION-LINES, AND WAVEGUIDES 


1. Bastc RELATIONS 


The analysis given below is unrestricted except that (1) the ferrite 
resonator is assumed to be small enough that the RF field is substantially 
uniform throughout the voltime of the sample, (2) higher-order magnetostatic 
modes are not excited and (3) anisotropy is neglected. Jn this case, with 
the DC magnetic field Hy. applied along the z-axis the RF magnetizations in 


‘ e 
the x and y directions are given by the following relations: 


% 
Ss ae 5© 
Soh Rata Ute Ney, fay 
(28-1) 
z ef Ls , 
"y Nyaon Xyyhoy fa) 
where 
™, = X-component of RF magnetization within ferrite 
my = y-component of RF magnetization within ferrite 
o2 = FrComponent Wf applied NE field 
oy = Y-component of applied RF field 
MM is at ok ga ad IR ach A component of effective tensor 
susceptibility 
ee FEN Ry ky Cy aeee component of effective tensor 


susceptibility, 


The effective tensor susceptibility of the ferrite sample depends on 
the shape of the sample. Analytical formulas for the effective suscenti- 
bility which include the loss in the ferrite have heen developed by 
Flammer? and are given below. These expressions were derived using the 
Bloch-Bloembergen!® formulation of the equations of motion of magnetization, — 
including the effect of the shape-dependent demagnetizing factors Nis N,. 
and V, for a general ellipsoidal sample.'! These formulas for the effec- 


tive tensor susceptibility are, 


ee 


MKS units are used throughout this section. 
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MoM, = Yolo 
HovH, = Yolly 
gyromagnetic ratio * gle/2m) 


effective demagnetizing factors in x, y, 
and z directions 


Bloch-Bloembergen phenomenological 
relaxation time 
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(23-2) 


g = Landé“g" factor * 2.00 for electrons in 
most ferrites 


e/m = ratio of charge, e, to mass, m, of electron 


= 1.759 x 10°!! coulombs/kg 


Me * saturation magnetization in amperes/meter 
Hy = intrinsic permeability of free 
space = 1.256 x 10°© henries per meter. 


In the case of a spherical geometry, WN, = Ny et a 1/3, and 
Eq. (28-2) becomes, after some algebraic reduction and elimination of © 


terms of order 1/7? or smaller, 


WW, 
i a cs “ (a) 
i XGe Xyy 2) w/3 > 
¢ yt Cay + ] + 

0 T Ww, i w/3 

- jaw 
e Cant Me 4 b 
Xay ; Xys 2; w /3 ( ) 
2 ete eee eee és 
0 7 we w/3 
(28-3) 


t 


DEVELOPMENT OF EQUIVALENT Cincurt REPRESENTATIONS 


The complete equivalent circuit of the ferrimagnetic resonator located. 
at the intersection of the two loops has previously been worked out in de- 


1)2 and is shown in Fig. 28-2. It consists of a resonant circuit which 


tal 
is coupled inductively to the signal current source t, with source imped- 
ance R, and to the load impedance R,. In addition to the series-resonant 
circuit there is a non-reciproca! phase shifter which produces, with the 
coil arrangement shown in Fig. 28-1, an additional negative, 90-degree 
phase shift in the output voltage across R,. With the signal generator 
connected to the y terminals, an additional positive 90-degree phase shift 
is produced across R,. The analytical development of the circuit repre- 
sentation of the ferrimagnetic resonator has been carried out for the 


following cases: 


(1) Ferrimagnetic resonator located at the intersection of the 
axes of the two orthogonal loops shown in Fig. 28-1. 
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FIG, 28-2 
EQUIVALENT CIRCUIT OF MAGNETIC RESONANCE FILTER 


(2) Resonator located at a position of the “detuned short” along 
a two-wire TEM-mode transmission line, shown in Fig. 28-3(b), 


(3) Same as (2) in a strip-center-conductor line 


(4) Resonator located at a position of the detuned short at the 
center of a TE, 9-mode waveguide. 


In each case the complete equivalent circuit of the ferrimagnetic 
resonator coupled to the external circuit is expressed in terms of the 
unloaded Q, Q,, of the resonator and the coupled or external Q, Q..43 
The unloaded 0, Q,. of the ferrimagnetic resonetor, is a property of the 


c material andis independent of the external circuit coupling.- 


ferrimagneti 
An analytical expression for Q, derived from the equivalent circuit is 


given by, 


Oe Gio: Nw. )7/2 
(28-4) 
Hy = NM, 


— 


AHE 


where AH’ is the line width given by 


A hiys 8s uh Yat 


pect. nt tintin nA IL ONTO 


o 
This is true for the unperturbed resonator located st a aufficiently great distance away fron the con< 


ducting boundaries of the waveguide. For close wall-to-resonator apacings the resistive losses due to 
“image” currents in the waveguide walle and also the detuning effects of these images would play an ip- 


portant pert in determining the resonance characteristics. 
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FIG. 28-3 | ; 
EXTERNAL Q OF FERRIMAGNETIC RESONATOR IN VARIOUS WAVEGUIDE GEOMETRIES 
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Low values of unloaded Q are predicted for low resonant frequencies, 
In particular Eq. (28-4) predicts that Q, will reach zero at a value of 
DC field and RF frequency given by wy = N,a,. For a spherical YIG reso- 
nator this low-frequency “cut-off" frequency occurs at 
Pnee /3 * 2m = 1670 Mc. Measurements were made of Q, in the frequency 


range of this cut-off which support this theory. vi 


Eq. (28-4) predicts that Q, depends on Now. A long-rod geometry, 
for instance, with the DC magnetic field along the axis of the rod, so that 
Ni = 90, should yield a maximum value of Q,. This effect, i.e., the effect 
of the shape on Q,, has not yet to our knowledge been measured. Finally 
SEG: (28-4) shows that, for a constant relaxation time T, Q, is higher in 
the case of a lower-saturation magnetization material. For frequencies 
below about 2000 Mc, a low-My, narrow-line-width material is desirable. 


This is discussed in Section G. 
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Q, OF SPHERICAL YIG RESONATOR IN S-BAND RECTANGULAR WAVEGUIDE 
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The external or coupled Q, Q,, depends upon the volume of the ferri- 
magnetic resonator, V,, its saturation magnetization, My, and the type 
and geometry of the coupling structure. Formulas for Q, have been calcu- 
lated for the four cases listed above and the resulting formulas are tabu- — 
lated in Fig. 28-3. These formulas may be applied to the calculation of 
the Q, of the uniform precessional mode for any ellipsoidal shaped magnet 


resonator including rods, disks, etc. 


The external Q, Q,, was calculated from the formula in Fig. 28-3 for 
YIG spheres mounted in standard-height TE, )-mode rectangular waveguide. 
The calculations were made for standard size S, G, and X-band guides with 
various YIG sphere diameters from 0.060 inch to 0.140 inch. The results 
of these calculations are shown in Figs. 28-4 through 28-6. These curves 
can be used for TEg mode rectangular guides of other than standard | hee 


by Sep LY Ang the following simple transformation: 


Q, of working waveguide 


ki vide height 
= Q, of standard-height guide ~ etn ALN AAS 3 
/ standard guide height 


Thus a YIG spheroid in a one-quarter height TE, g-mode rectangular guide 
will have a Q, equal to one-fourth that of a YIG spheroid in a standard- 
height guide. Similarly since O, 1s inversely proportional to the volume 
of the sphere, the 0, of a 0.100-inch diameter sphere will be one-eighth 
that of a 0.050-inch diameter. 


Since Q, depends only on volume of the magnetic material, the cal- 
culated values shown in Figs. 28-4 through 28-6 as well as the formulas 
given in Fig. 28-3 can all be used for ellipsoidal resonator shapes other 
than spheres. Ia the case of the formulas in Fig. 28-3, the product abe 
of the semi-axes of the ellipsoid replaces ae in the denominator of each 


formula for Q On the calculated curves, Figs. 28-4 through 28-6, an 


A ie 


equivalent sphere diameter Df is used where, ve 2(abc) 14, 


The formulas for Q, given in Fig. 28-3 were derived using two different 
methods. The first method, which employs the reciprocity theorem, is valid 
for lumped parameter coupling devices’ such as loops, and for TEM-mode trans- 
mission lines where the characteristic impedance is defined uniquely, The 
equation for QO, of the magnetic resonator in the TE, 9-mode rectangular wave- 


guide shown in Fig. 28-3(d) was derived using a more general coupling 
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FIG. 28-5 
Qp OF SPHERICAL YIG RESONATOR IN G-BAND RECTANGULAR WAVEGUIDE 
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FIG, 28-6 
Q, OF SPHERICAL YIG RESONATOR IN X-BAND RECTANGULAR WAVEGUIDE 
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18 In this derivation, i.e., 


formula which has been discussed by Slater. 
for the waveguide case a linearly polarized magnetic moment was assumed, 
The RF magnetic moment of a magnetic resonator is in general elliptically 
polarized. Therefore both components of RF magnetic moment can interact 
with an elliptically polarized waveguide field. The formula for Q, given 
above is therefore valid only for the case where the magnetic sample is 


located in the linearly polarized field at the center of the guide.'°° 


3. MEASUREMENT OF EQUIVALENT CrRCUIT QUANTITIES, 0, AND Q, 


Measurements have been made of the 0, of single-crystal YIG resonators 


“ 


in strip transmission lines and TE,,-mode rectangular waveguide and the re- 


10 
sults of these measurements are shown in Figs. 28-7 and 28-8. Figure 28-7 
shows measurements made on spherical, single-crystal, YIG resonators of 
various diameters mounted on a wafer of polyfoam in a section of one-quarter 
height, standard-width, X-band waveguide. The waveguide was short-circuited 
and the YIG sphere was mounted one-half wavelength away from the short- 
circuit. The measurements were made in this configuration at 10.0 kMc 


17 The solid curve repre- 


using the impedance method described by Ginzton. 
sents the theoretical formula for 0,. Close agreement between the experi- 
mental and the theoretical values is evident. When resonator diameters 
greater than about 0.070 inch were used, the accuracy of the measurement 
was diminished by the relatively higher degree of coupling between the ex- 
ternal circuit and the higher-order magnetostatic modes. The effect of 


the higher-order modes on filter performance is discussed in Section E. 


In these waveguide measurements it was found that the presence of an 
appreciable amount of dielectric material in the region of the YIG sample 
sphere caused a variation of the measured values of Q, and also of Q,. It 
was found that these effects were eliminated when the spheres were mounted 


in a wafer of polyfoam. 


Figure 28-8 shows measurements of 0, of resonators in a strip- 
transmission-line coupling circuit. The strip-transmission-line configu- 
ration, shown in Fig. 28-8, has a 0.500-inch-wide, 0.020-inch-thick center 
conductor which is speced 0.135 inch away from the outer conductor on both. 
sides of the center conductor. The inside width of the outer conductor is. 


1.00 inch. The measurements of Q, were made at a resonant frequency, 


Recently while this paper was being revised, the author became sware of s more general scattering formule 
which is applicable in the case where the ellipsoidal ssmple is at an arbitrary position in the guide, 
Thie formula ia given in Ref, 18. : 
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THEORETICAL AND EXPERIMENTAL VALUES OF Q, OF YIG RESONATOR 
USING STRIP-TRANSMISSION-LINE 


f = 3000 Me. The YIG resonator was mounted close to the short-circuited 
end of the strip transmission }ine. This is the position occupied by the 
resonator in a magnetically tunable filter where a broad tuning range is 
desired, since this position near the short-circuit remains a position of 
nearly maximum magnetic. field as the frequency is varied. The minimum 
distance between the sphere and the short- circuited end is prescribed by 
the maximum allowable response to the higher-order magnetostatic modes. 
With the resonator touching the short-circuit, appreciable coupling to 
higher-order modes results. It was determined experimentally, in the case 
shown in Fig. 28-8 with 0.125-inch spacing between the resonator and the 
end wall, that the coupling to higher-order modes was very loose, t.e., 

Q, > 15,000 for the most strongly coupled higher-order mode. The coupling 
to the uniform precession mode resonance at 3000 Mc was not measurably de- 


creased by this spacing. 


The theoretical values for 0, of the strip transmission line are 
shown in Fig. 28-8 as the solid-line curve. This curve was calculated 
using the formula given in Fig. 28-3(c), which is very accurate for the 
cases where w >> d, and dy, but which is not quite so accurate in this 


Pie ctwhere: war Or 500 inch, and 0) = 7d {78 0.135 inch. An empirical 
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correction was applied to improve the accuracy of this formula, by re- 
placing w in Fig. 28-3(c) by a slightly larger value, w’, which takes 

into account the fringing of the field at the edge of the strip — 

center conductor. This corrected width, w’, was obtained as follows: the 
characteristic impedance Zo of the actual configuration shown in 

Fig. 28-8 was obtained from an accurate formula!® which includes the effect 
of the finite thickness of the center conductor and the fringing of the 
field at the two edges. This value of characteristic impedance Z) was then 
used to compute an effective strip width, w’, based on the parallel-plane 


formula, t.e., 


: No d,d, 
w 2 aa eames ; (28-5) 
Zed Staats ) 


again using the actual conductor spacings d, and d,. 


The agreement between the measured and theoretical values of Q, was 
quite good, as is shown in Fig. 28-8. The measured values of Q, begin to 
deviate appreciably from the calculated values only for the largest values 
of YIG sphere diameter, around 0.090 inch. For these largest sphere 
diameters the measured value of Q, 1s also sensitive to the exact location 
of the sphere with respect to the conducting walls. This shows that the 
boundary conditions inposed on the motion of the magnetization by the con- 
ducting surfaces of the strip transmission line have an appreciable effect 


on the coupling. 


The strip transmission line offers some advantages over the wave- 
guide from the standpoint of flexibility of design. Examination of the 
formula in Fig. 28-3(c) for the Q, of a strip transmission line shows that 
it is possible to adjust both the characteristic impedance of the line and 
Q, independently by means of adjustments of the strip center conductor 


width, w, and ground plane spacings, d, and d,. 


Figure 28-9 shows the measured values of the unloaded Q, Q,. oftas 
highly polished 0.064-inch-diameter YIG sphere as a function of frequency 


in the frequency range between 1.8 kMc and 12.6 kMc. The strip-transmission- — 


line device shown in Fig. 28-8 was utilized, using the impedance method! ? 
to. obtain the data between 1.8 kMc and 4.8 kMc. The measured Q.’s between 
8.2 kMc and 12.4 kMc were obtained from the transmission-loss and band- 
width measurements made on the single-resonator tunable filter described 
in Section E. The equations for obtaining. Q, from bandwidth and insertion 


loss data have been given by Ginzton,!? 
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FIG. 28-9 
MEASURED UNLOADED Q OF 0.064-INCH-DIAMETER YIG RESONATOR 


The 1.8-4.8 kMc data lie along a nearly straight line in this fre- 
quency range. This straight line is described quite closely by Eq. (28-4) 
with 7 = 2.5% 1077. Equation (23-4) was derived using the Bloch- 
Bloembergen formulation of the equations of motion of magnetization. 
Also shown in Fig. 28-9 is a plot of Q, vs frequency derived from the 


Landau-Lifshitz!® equations of motion of the magnetization with a constant 


19 


relaxation time, 7 * 2.0 ~ 1077. The corresponding equation for Q, is, 
Q, in! wT /2 . (28 -6) 


In the low-frequency region between 1.8 kMec and 4.8 kMc, the measured 
data follow more closely the straight-line curve based on the Bloch- 
Bloembergen equations of motion. A more detailed analysis is necessary 


to explain the frequency variation of Q, at higher frequencies. 


Q, is critically dependent upon the surface polish of the YIG-sample. 
In this case the rough YIG sphere was first ground from a raw YIG crystal 
by a tumbling process similar to that described by Carter, Edwards, and 
Reingold.?® This particular sphere was then polished- utilizing a slight 


a D 


Recently » more satisfactory polishing procedure vss developed which utilized a motor-driven polishing 
head und ]-micron diamond polishing compound. This procedure will be reported at a later cate. 
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different tumbling process described by Bond.?! The successive grades of 


abrasive grinding paper and powder used were as follows: 


Silicon carbide, No. 360, No. 600 
Emery polishing paper, No. 2/0 and 4/0. 
Linde fine abrasive. No. 13-5125, 


No NG MAGNETIC FLELD REQUIRED FOR BESONANCE 


The analytical treatment of the general case of resonance in a ferri 
or garnet including magnetocrystal line anisotropy is quite complicated. | ‘s 
For the special case, where the DC field 1s applied along one of the prin- 
cipal axes of the ellipsoid and also in one of the planes of crystal 
symmetry, the effect of anisotropy onthe resonant frequency can be repre: 
sented by“ anisotropy ” demagnetizing. factors ve and ie in addition to the. 4 
usual shape-dependent demagnetizing factors NO Nye a Ny given in 
Eq. (28-2). The new resonant frequency @), which results when these 


anisotropy demaenctizing factors are included in the equation of motion is, 
; ' ’ : ' ° Ls C ; a 
wy = gly HO, NZ TOV Migh lg: te (te NS. =. Ny Mig] se 


The anisotropy demagnetizing factors VE and is have been given by 
Bickford?? for cubic crvstals (into which class yttrium-iron-garnet falls) 


for the following two cases: 


(1) ope magnetic field in a (100) crystal plane, 23 


(2) PC magnetic field in a (110) crystal plane. 


In Case (1) they are. considering only first-order anisotropy, 


peNe = (2K, /M2) cos 40 (a) 
: (28-8) 
re 3 l , 2 
Ho} Sida a OS AC] Ky /MG ‘ (b) 


Nefinitiona of the principel directions and planes in crystals are given in any standard textbook ina 
solid -state physica or crystellography, such as Ref. 23. The Miller indices specifying either the three 
principal directions or planes of a cubic crystal are given by three sets of numbers, either bracketal ) ce 
or parentheses ( ) surrounding them indicating » principal direction or the principal plane perpendicula : 
to that principal direction, respectively. For instance, {or0) is one of the three equivaleat directionsill 


in a cubic lattice while (010) is the plane perpendicular to this direction, 
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where 6, shown in Fig. 28-10(a) is the angle between the magnetization and 


a (100) crystal direction, and K, is the first-order anisotropy constant. * 


In Case (2) the effective demagnetization factors due to anisotropy 


are given by, 


wf = (2 ~ sin?@ - 3 sin? 26)K,/M}. (a) 
(28-9) 
poNf = 21 ~ 2 sin? - 3/8 sin? 26)K,/M3 (b) 


where 6 shown in Fig. 28-10(b) is the angle between the magnetization M, 
and a [100] crystal direction. The constant K,/My, has been measured for 
yttrium-iron-garnet by Dillon,?* and was found to be —43 oersteds at room 
temperature. 

A particular case which is very useful to us is the case of resonanc 
with the DC magnetic field along the direction of the easy axis of magnet 
ization. In the case of a cubic crystal structure with a negative K,, th 
easy axis is the (111) axis. Along this axis the resonant field for s 


spherical sample is given by, 75 


[79] 
BU Seog rh 


oH Pa | 


ae (28-10) 
Mg , 


and is independent of the rotation of the crystal around this axis. ‘iis 
case has been calculated for yttrium-iron-garnet at room temperature 
(300°K) where K,/M = ~43 oersteds and is shown in Fig. 28-11. The o' rer 
two principal directions are also included in Fig. 28-11, t.e., the (i090) 
axis and the [110] axis. Along these three principal axes only, the 
magnetization M, is lined up with the applied DC field, Hy. The corr~- 


sponding formulas for resonance are, 


(100) axis 
w, K, ' 
- Hy 2 Mu. (28 - vi 
Yo 0 
fe Bataan ee Se Rae OR De els PS To 
Occasionally, ao when quoting results directly from a reference,. the original unite will be used... 9 


in specifying the DC magnetic field required for resonance (Fig. 28-11) gaussian units ere ueed sin: - 
specifications on magnets are almost universally given this way. ; 
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FIG. 28-10 
NOMENCLATURE OF DIRECTIONS AND PLANES IN CUBIC CRYSTAL 
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FIG. 28-11 
RESONANT FREQUENCY OF YIG SPHERE VS APPLIED dc FIELD 
WITH FIELD ALONG PRINCIPAL AXES 
(110) axis . “hy 
see Hh oe A 2\— (28-12) 
Yo Mo Mg 


The variation of the resonant frequency as the orientation of the DC 
magnetic field Vong a sphere is changed from the “easy” (111) to the 
“hard” (100) direction, is 444 “c. Thus, in the case of multi-resonator | 
filters utilizing these garnet resonators the crystals axes aust be 


accurately aligned with respect to the DC field. 


The variation of the resonant frequency with temperature is caused 
by the variation of the anisotropy with temperature. This variation is 
considerable, especially at lower temperatures where the anisotropy con- 
stant, K,, is much larger than at room temperatures. This variation of 
the resonant frequency due to temperature changes can be calculated using 


Fqs. (28-8), (28-9), and (23-7). 
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It will be noted from Eq. (28-7) andFig. 28-11 that there is acrystal 
orientation for which the effect of the anisotropy demagnetizing factors 
on the resonant frequency is cancelled to a considerable degree in the 
case where N@ = - Nj: In this oriehtation, the resonant frequency w, will 
be nearly constant as the temperature is varied. The residual variation 
of resonant frequency will depend on the ratio, NiM,/H,, of the demagnetiz- 
ing field to the biasing field. This ratio is quite small in the case of 
YIG at microwave frequencies. One angle @ exists in the (100) plane for 
which the above condition exists, t.e., Ng eh Ny. Referring to Artman’s2§ 
Fig. 4 it is seen that this condition is met when 96%21°. This angle could 
also be found by setting N& = - Ny in Eq. (28-9). 


E. DEVELOPMENT OF SINGLE-RESONATOR TUNABLE Ptt?Pen Pr. 


A single-resonator tunable filter using waveguide coupling was con- 
structed which is tunable over the Y¥-band frequency range from 7.00 kMe i 
to 11.00 kMc. The waveguide coupling arrangement, shown in Fig. 28-12 is ( 
analogous to the crossed loops in Fig. 28-1. The single-crystal YIG sphere 


is mounted on a styrofoam support in the open iris region which is common 


VIG SPHERE IN REGION OF INTER-PENETRATION OF TWO GUIDES 
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FIG. 28-12 . 
COUPLING PRINCIPLE OF SINGLE RESONATOR WAVEGUIDE FILTER 
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to the input and output waveguides, The depth of this regicn of inter- 
penetration, as, well as the guide height and resonator size, can be varied 
to control the coupling, Q,. between the guides and the resonator. The 


bias field is-applied along the common axis of the guides. 


Figures 28-13 and 28-14 show the construction of the experimental 
single-rcesonator filter employing standard-width X-band waveguide. The 
half-height (b * 0.20G6-inch) coupling sections used in this experimental 
filter are followed by E-plane circular bends (mean radius = 0.300-inch). 
These E-plane bends permit the use of a“c’’ type clectromagnet for biasing 
along the axis of transmission of the guides. Immediately following the 
E-plane bends are 2.20-inch-long straight tapers joining the half-height 
sections to the full-height X-band input and output guides. The inter- 
penetration of the two guides was accomplished by milling out 0.035-inch- 
deep slots in the face of the opposite section, as shown in Figs. 28-13 


and 28-14. 


The measured responses of this single-resonator filter when it was 
tuned ta resonate successively at 8.20, 9.60, 10.09, and 11.00 kMc are 
ehown in Fig. 28-15. Table 28-} shows the insertion losses at these fre- 
quencies and also at 7.00 kMc. The 3-db bandwidths, and the peak response 
of the strongest subsidiary mode, are also shown in Table 28-1. Table 23-i 
includes the values of Q, which were calculated from the insertion loss and 


bandwidth data using equations given by Ginzton.!? 


A prominent feature of this single-resonator-filter response is the 
presence of a large number of subsidiary responses. These responses are 
due to higher-order magnetostatic resonances within the ferrimagnetic 


26 sre due 


sample. These resonances, which were first analyzed by Walker 
to the non-uniform motion of the magnetization within the ferrimagnetic 
sample end the resulting dipolar interactions between the magnetic moments. 
It was shown by Walker?® that 

these resonances are character- TABLE 28-1} 


ized by the fact that they are (1) PERFORMANCE OF SINGLE-RESONATOR FILTER 


independent of the size of the 

STRONGEST MAGNETO- 
STATIC MODE RESPORSE 
(db Below Tranemissic 
at Main Resonance) 


; INSERTION 
sample, i.e., that they depend | scyyey | 


upon the shape only, and (2) 
‘that they occur only at fre- 


quencies given by, 
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PHOTOGRAPH OF SINGLE-RESONATOR FILTER 
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Thus the resonant frequencies of these non-uniform resonances occur within 
a spectrum which is Yolif)/2 cycles wide. For yttrium-iron-garnet in which 
the saturation magnetization, Mo, is approximately 1395 * 10? amperes/meter, 
the width of this frequency band is 2450 Mc. Coupling to these resonances 
occurs when the RF coupling field is non-uniform over the dimensions of the 
sample. The maximum allowable response to higher-order modes thus dictates 
the largest-size ferrimagnetic resonator that can be used in a specific 
coupling circuit. From a practical standpoint, this restriction limits the 
diameter of the spherical resonator used in the present X-band single- 


resonator filter to less than around 0,100 inch. 


The spurious responses dut to the higher-order magnetostatic modes are 
greatly reduced by the use of two or more ferrimagnetic resonators which 
are coupled together directly by means of their external RF fields. This 


is described in detail in Section F. 


A characteristic feature of this single-resonator filter using 
TE, g-mode waveguide is the increase of the 3-db bandwidth and the decrease 
of the insertion loss as the center frequency is raised. This increase in 
bandwidth, as well as the decrease in insertion loss, is due to the de- 
crease of the external Q, Q,, of the waveguide coupling circuit, as the 
frequency is increased (see Fig. 28-6). This variation of the bandwidth 
over the tuning range can be minimized by the use of a constant 
characteristic-impedance coupling circuit, such as the TEM-mode strip- 


transmission line shown in Fig. 28-2. 


Another important aspect of the behavior of a YIG resonator is the 
saturation which occurs at high power levels. This effect is explained 
in terms of the nonlinear coupling between the uniform precession and the 
short wavelength spin waves, and has been investigated and explained by 
Suhl.27-28 Figure 28-16 shows the power-limiting behavior of the single- 
resonator filter when it was tuned to resonate at 9375 Mc. The signal 
input in this test experiment was a rectangular RF pulse one microsecond 
in duration with a pulse repetition frequency of one hundred pulses per 
second. Figure 28-16 shows the saturation (t.e., limiting) of the output 
level at about 15 watts peak input power. The power was then raised to 


about 2 kilowatts peak input power, at which point the resonant frequency 
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AMPLITUDE AND PHASE OF OUTPUT OF X-BAND SINGLE RESONATOR FILTER VS INPUT POWER 


of the filter began to drift, presumably because of the heating of the 


ferrite and the resulting change in the anisotropy demagnetizing factor: 


According to an analysis by Siegman?® of the limiting action in thi 
type of device, the phase of the RF output should remain constant above 
the limiting threshold. Figure 28-16 shows a measured RF phase variatic 
of only 14 degrees. Since the output pulse also showed an appreciable 

“spike” leakage at the leading edge of the pulse, this 14- -degree variati 


of phase is not regarded as significant. 


F. DEVELOPMENT OF A TWO-RESONATOR FILTER 


Figure 28-17 shows the application of two YIG spheres to form a two 
resonator filter. Coupling between the two resonators is provided by th 
long-slot iris in a 0. OLes inch-thick conducting wall separating the inpw 
and output waveguides. The use of the long vertical coupling slot 


LY A SS 


° 1a 
The use of polarized-slot coupling wes suggested by Dr. E. WM. T. Jones of Stanford Research 
Institute. 
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permits the vertical components of fF magnetic moment to be coupled through 
their external RF fields, and prevents the horizontal magnetic fields of the 
waveguides and the horizental RF magnetic moments from being coupled to- 


gether appreciably. 
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FIG. 28-17 
TWO-RESONATOR FILTER 


Synchronous tuning of the two resonators is achieved by mounting the 
YIG spheres in dielectric capsules so that they are free to turn in any 
direction. Application of a DC biasing magnetic field results in a torque 


which causes one of the “easy axes” 


of magnetization to align itself along 
the DC magnetic field. Thus, the detuning which would be caused by dif- 


ferent alignment of the two resonators is eliminated. 


Figure 28-18 shows the disassembled two-reronator filter with the 
coupling iris and the garnet spheres in 0.080-inch-diameter polystyrene 
capsules in view. The capsules are mounted on polystyrene rods which are 


adjusted to vary the spacing of the spheres. Two 90-degree E-plane bends 


are utilized to make it. possible to use a"“c’’-type electromagnet. 


In this experimental! model, the input ue output guides are standard 
height X-band guides. Here, as in the case of the single-resonator filter, 
the guide height. or thesphere diameter can be varied to secure the desired 
filter response. The two garnet spheres used in this experimental model 
were 0.064 inch and 0. 160 inch in diameter. 
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_ FIG, 28-18 
‘DISASSEMBLED TWO-RESONATOR FILTER 
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INSERTION LOSS — db 


Figure 28-19 shows the measured responses of the two-resonator filter 
tuned to 8.23 kMc, 9.49 kMc, 10.99 kMc, 12.00 kMc, 13.00 kMc, and 14.25 kMc. 
The initial adjustment of the filter was made at 9.49 kMe by varying the 
coupling slot dimensions and the spacing of the resonators to give the 
slightly overcoupled response with greater than 35 db insertion loss at 
frequencies far removed from the 9.49-kMc center frequency. This last 
requirement, t.e., on rejection loss at frequencies far removed from 
‘resonance, limits the maximum width of the coupling slot, since the 
coupling between the guides in the absence of the garnet resonators is 
proportional to the width of this slot. The isolation obtained in this 
way can be calculated.?°-3! ‘The slot dimensions used in this filter are 
0.070 inch by 0.300 inch and were determined experimentally to give 
greater than 35 db off-channel rejection. The spacing between the centers 
of the YIG spheres was 0.164 inch. It was found that almost any desired 
degree of overcoupling could be obtained by closer spacing of the YIG 
resonators. The 3-db and 10-db bandwidths were nearly constant as the 


center frequency is varied and were about 32 Mc and 56 Mc, respectively. 
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MEASURED RESPONSES OF TWO-RESONATOR FILTER 
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The trends observed in Fig. 28-19 are (1) a decrease of the degree 
of overcoupling with increasing frequency, (2) an approximately constant 
bandwidth throughout the tuning range, and (3) a decrease of insertion loss 
with increasing frequency. These trends are attributed to the same effect 
that caused the increase in bandwidth of the single-resonator filter, t.e., 
the increase, with increising frequency, of the coupling between the 


resonators and the waveguides. 


The maximum tuning range of this experimental two-resonator filter 
appears to be limited by the leakage at. 15.5 kMc through the coupling slot. 
This is shewn in Fig. 28-20, which is a plot over a broad band of the 
response of the filter tuned to 12.00 kMc. This leakage occurs when the 
slot become: resonant, t.e., one-half wavelength long, at 15 kMc; the slot 
couples power between the two guides since it is not exactly parallel to 
the electric field of the waveguide. Evidently this slot response might 
be reduced by more accurate construction—this slot was cut by hand. Also 
a shorter, wider slot might give nearly the same response and insertion 
loss, while the half-wave slot resonance would be moved to a higher 


frequency, 
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RESPONSE OF TWO-RESONATOR FILTER TUNED TO 12 kMc 
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Figure 28-21 shows the response of the two-resonator filter down to 
-30 db below the peak response, with the center frequency at 11.00 kMc. 
Unlike the results obtained on the single-resonator filter, no spurious 
responses are evident here. This greater rejection of the higher-order 
modes is explained by the fact that the RF fields of the higher-order 
modes decrease very rapidly with distance away from the spheres, much more 
rapidly than do the RF fields of the uniform mode. The higher-order modes 
of the two resonators are therefore coupled together very weakly through 
their external RF fields and the insertion loss of these modes is therefore 
very high compared to that of the uniform mode. This property of the two- 
resonator filter, i.e., the absence of spurious responses, is an im- 
portant advantage of this type of filter over the single-resonator version. 


G. POSSIBLE FUTURE DEVELOPMENTS 


Several tunable filter devices are apparently feasible that involve 
extensions of basic concepts which have been evolved during this program. 
Also, there are problems not yet entirely solved, e.g., magnetostatic mode 


responses, which will receive additional attention. 


Another type of magnetically tunable filter which appears to be fea- 
sible using YIG resonator elements is the band rejection filter. 
Figure 28-22 shows one possible design using YIG resonators spaced one 
quarter wavelength away from each other in waveguide, mounted at the 
center of the guide in the linearly polarized RF magnetic field at that 
point. Figure 28-22(c) also shows the equivalent lumped-element circuit 
of this device which consists of alternate series- and parallel-connected 


parallel resonant circuits. 


Strip and coaxial transmission line coupling circuits appear to be 


® in the construction of an 


feasible and have been employed by DeGrasse 
S-band filter-limiter and by Kotzebue?? in a tunable single-resonator 
filter. Objectives in future work on this subject should be to extend 
the state of the art of the application of these TEM-mode coupling 


structures. 


Figure 28-23 shows a two-resonator filter structure which uses a 
strip-transmission-line coupling section. In this filter the biasing 
field is applied at right angles to the direction of transmission with 


ae 


the result that a U-bend is not required in order to use a “c”-type , 


biasing magnet. The use of broadband input transformer section enables 
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FIG, 28-21 
MEASURED RESPONSE OF TWO-RESONATOR FILTER TUNED TO 11 kMc 
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the designer to achieve a narrow strip center in the coupling region and 
therefore to obtain tighter coupling to the YIG resonator. The coupling 
between the two resonators is obtained by means of the longitudinal slots 
shown here, which respond to the component of [RF magnetic moment which is 


polarized along the iength of the slots. 


Very little effort was given, on this contract to the systematic 
measurement of the properties, t.e., unloaded Q and resonant frequency of 
the magnetic resonator as a function of DC magnetic field and crystal 
orientation. These properties should be measured on spheres of different 
diameters and disks to determine the influence, if any exists, of size and 


demagnetizing factors. 


More effort should be devoted to the development of practical methods 
for obtaining coupling between resonators in multi-resonator filters. 
Experiments showed that, using proximity coupling between two with extremely . 
closely spaced resonators, the two resonators did not have the same resonant 
trequency. This effect was ascribed to the fact that each resonator has a 
DC magnetic moment that affects the DC magnetic field in the vicinity of 
the other resonator. Thus, a difference in the sizes, and therefore the 
magnetic moments, of the two spheres can cause them to be subjected to 
different DC magnetic fields: Methods other than proximity coupling should 
therefore be investigated for the purpose of obtaining tight intra-resonator 
couplings. Possible methods might include the use of quarter-wavelength 
coupling sections of transmission line, and also short (< A/4) coupling 


line sections with series capacitance, between the resonators. 


The extension of these tunable filter devices to frequencies lower 
than S-band appears to be possible, hy the use of a low-magnetization 
narrow-line-width garnet such as gallium-substituted yttrium-iron-garnet.2? 
Work along these lines will be possible when some crystals of this material — 


of usable purity and size become available. 
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CHAPTER 29 


DESIGN THEORY OF UP-CONVERTERS FOR USE AS 
ELECTRONICALLY TUNABLE FILTERS 


A. GENERAL 
1. DescrAipTION OF THE Proposend DEVICES 


Previous work on another contract dealt with the application of 
filter theory to the design of wideband parametric amplifiers and up- 
converters. '23 This present discussion applies a similar theoretical 
approach to a difference but closely related problem. The objective will 
be to obtain an electronically controlled wide tuning range using up- 
converters having a wide band inpuc -impedance-matching filter, a narrow- 
band output-impedance-matching filter, and a voltage-tunable pump 


oscillator such as a backward-wave oscillator. 


Defining f as the input frequency, f' as the sideband output fre- 
quency, and f? as the pump frequency, for a lower-sideband up-converter 


the output is at thelower sideband frequency 
oe eae (29-1) 


For an upper-sideband up-converter, the output is at the upper sideband 


frequency 
foone cf? *f ; (29-2) 


For either type of up-converter, tuning action can be achieved if a narrow- 
band filter is used at the output so that only frequencies equal or very 
nearly equal to a specific frequency, To can be passed. If the pump 
frequency f? is varied then the input frequency which will be accepted 


by the amplifier will be given by 


bis sua binccls (29-3) | 
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for the case of lower-sideband up-converters and 
bbc pag ieneee ol 


for the case of upper- -sideband up-converters. In both cases the ampli- 
fiers will yield gain. The lower- sideband type introduces some negative 
resistance amplification in addition to the up-converter amplification,® 
however, and will therefore generally give more gain. For gain to be 
achieved, the variable-capacitance diode must see proper terminations at 
both frequencies, f and f,. Since fg is a fixed frequency, it should be 
relatively easy to maintain proper termination at that frequency. The 
input frequency, f, varies, however, and the tuning range of the ampli- 
fier will be determined largely by the range of f for which proper 


terminating conditions can be maintained, 


2. Factors PeawitTinG LARGE TUNING Rance 


For convenience let us first consider the case of an upper- ~sidehem 
up-converter- with a fixed pump frequency. We analyze a wideband, upper. 
sideband up-converter using a fixed pump frequency f?, with an input- 
impedance-matching filter whose pass band is centered at fy and an 
output-impedance-matching filter whose pass band is centered at tes In 
order to obtain maximum operating bandwidth it is necessary that the 


condition 


aor 

w 0 

concn ia ae (29-5 
w fo . 


be satisfied, where w is the fractional bandwidth Af/f, of the input 
filter and w’ is the fractional bandwidth Af’ /fi of the output filter.>' 
‘Equation (29-5) says, in effect, that the input and output bands, Of an 
Af', respectively, must be equal. From the theory of wideband up- 
converters it is seen that if, for example, Af were made larger than 
Af’, then the output filter bandwidth Af' would have to be shrunk to be 
smaller than it could be if Af and Af’ were made to be equal. Since th 
smaller bandwidth will be the one that limits the over-all transmission 
the operating bandwidth necessarily becomes smaller if Af and Af’ are 
made unequal. Thus it is seen that for the usual case where the pump 


frequency is fixed, wide-band impedance matching must be accomplished 
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both at the signal input and also at the upper-sideband output band, and 
best results are obtained if the bandwidth for impedance match is equal 


for both of these bands 


For the tunable up-converters considered herein, a quite different 
situation exists. In this case narrow rather than wide bandwidth is 
desired. A wide-band impedance match is desired at the input channel, 
however, so that the input acceptance band can be moved about by varying 
the pump frequency Under these conditions we may expand the input band- 
width Af and be quite happy with the required shrinkage of the sideband 
output bandwidth Af. With such an amplifier the bandwidth Sf’ of the 
upper-sideband filter will be the operating bandwidth of the amplifier 
while Af will become the tuning range. If there were no practical con- 
siderations, such as the effects of losses and the need for practical 
impedance levels, the tuning range Af could be made to approach infinity 
while the output bandwidth Of’ would approach zero; practical considerations, 
however, do limit the obtainable tuning range. Nevertheless, it is clear. 
that the tuning range obtainable with such a device is considerably greater 
than the bandwidth obtainable in an up-converter using a fixed pump fre- 
quency. As is seen from Ref. 2 or Ref. 3, bandwidths of the order of 
16 percent appear to be feasible for upper-sideband up-converters having - 
fixed pump frequencies. The tuning range which is feasible for up- 
converters with varying pump frequencies is thus likely to be several 


times this value. 


An additional problem, not yet mentioned, arises in this case of an 
up-converter with varying pump frequency. Additional impedance matching 
for the pump input channel must be provided in order to pump the diode 
satisfactorily at frequencies throughout the required pump frequency range. 
It can be shown that it will generally be impossible to obtain a good match 
between the pump signal oscillator and the small resistance in the diode 
while tuning across the required pump frequency band. However, it. is 
possible to design impedance-matching filters which will give a nearly 
uniform, minimum reflection level throughout the required band. Then it 
is merely necessary to have a pump oscillator with sufficient’ available 


power to compensate for the reflection loss. 


The discussion above has been phrased in terms of upper-sideband 


up-converters. The same principles, however, apply to lower-sideband up- 
converters. The main difference between the two devices is that the 
S15 


lower-sideband type tends to reflect a negative resistance through the 
coupling action of the varying capacitance. This negative resistance has 
the advantage that it contributes to the gain of the amplifier, but it 
also has the disadvantage that it could lead to oscillation if the ampli- 
fier were improperly terminated. Calculations indicate that good results 
should be obtainable by keeping the negative resistance small, so that 


stability will not be a problem. 


B. DEFINITION OF DIODE PARAMETERS 


The specification of the diode parameters will be the same as that 
used previously,'?3 but will be summarized here for easy reference, 
Following Rowe,5 the diode capacitance properties are defined in terms of 


Cy and C, which are coefficients in the time series 
Clty.) .C, +.2C, cos (infeed) c+ 2, (29-6) 


where C(?) is the time variation of the pumped diode. If the diode is to 
be resonated in shunt it is convenient to describe its operation in terms 
of the short-circuit admittances!3 

Bi, =* nfc, , Bi, = 2nfC, 

(29-7) 

Piya. oe Ae eee By, = 2nf'C, 
where B,, and Bi, are seen to be the susceptance of C, and C,, respectively, 
at the signal frequency, «nd B,, and B,, are the corresponding susceptances 
evaluated at the sideband frequency defined by Eq. (29-1) for lower- 
sideband operation and Eq. (29-2) for upper sideband Operation. In the 


discussion to follow, subscript zeros, such as 
(Bi 1), 4 (Bia) > d Abst lis v (Bye) ¢ 


will be used to indicate parameters evaluated at the signal input midband 
frequency, f,, or at the sideband output midband frequency, fo. whichever 


is appropriate for the given parameter. 


ithe the diode loss acts like a resistor in series with Cy in 
the shunt-dicode case the diode loss is most easily accounted for approxi- 


mately by an equivalent shunt conductance 
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2nf Cy (Bi) 


d = —— eee = (29-8) 
Q, Q, 


seen by input signal components and an equivalent shunt conductance 


Qrf'Cc (B,.) *\2 
ee Vb ete te ha nebOes Cen 16% es (29-9) 
F Qaat Q fo 


seen by the sideband components. - Q, is the operating Q of the diode at 
frequency f,, and Q) is the operating Q at fy. Since the diode loss 


. : . . ° : be 
resistance is effectively in series with the capacitance 


4 fo 
Q3 = Q, fs : - (29-10) 


a 


Analogously, if the diode is to be resonated in series it is con- 


venient to define its operation in terms of the open-circuit impedances’? 


1 
Xuy* : sage Set 
2nfCs . anf 'Ct 
(29-11) 
1 1 
“iin Te Sued Ts "78 
2nfCy anf Cs 
where 
x Cc, (1 - a?) C5 
Crgerer Gy, Shicc et): Coli etes = te ee te ee 
and 
C, 
hd cose (29-13) 
Cy 


In this case the effects of losses are represented by series resistors 


1 ; (X11) 9 - (X92) 


0) (29-14) 


which are the same at both the signal and sideband frequencies. 
Equations (29-11) to (29-13) are obtained from the short-circuit admit- 
tance equations by matrix inversion,'3 and they assume that higher-order 
harmonic and sideband components of the mixing process are short- 
circuited. However, the work of Leenov® suggests that if the unwanted 
components were open-circuited instead of short-circuited, the change in 
these parameters would not be large. The effect of certain reactive 
terminations on these unwanted components may be larger, and this pos- 


sibility is now being investigated on another project at SRI. 


C. DEFINITION OF FILTER PARAMETERS 


In order to reduce the number of degrees of freedom involved in the 
amplifier design, the design of the various band-pass filters required 
will be based on the use of lumped-element, low-pass prototypes. When 
these low-pass prototypes have been specified, the only parameters which 
remain to be specified in the corresponding band-pass filters are their 
center frequencies, their impedance levels, and their fractional band- 
widths. Their center frequencies, of course, will be determined by the 
desired operating bands. The impedance level of the input and pump 
channel filters will be determined from considerations of their desired 


bandwidths and the impedance matching properties which are required, 


Figure 29-] shows a typical low-pass prototype and a typical 
Tchebyscheff response for such a filter. Tables of normalized element 


values for Tchebyscheff and maximally flat low-pass filters of this kind 


are presently available.”®9 Figure 29-2 shows the corresponding band-pass 


filter obtained by the standard low-pass to band-pass transformation 


given in Eq. (a) in the figure. In Figs. 29-1 and 29-2 note that Q is 


the low-pass radian frequency variable; NM; is the low-pass radian cutoff 


frequency; f is the cyclic frequency variable of the band-pass filter; 
fo» fy. and f, are, respectively, the band-pass filter center frequency, 
the lower band-edge frequency, and the upper band-edge frequency; and w 
is the fractional bandwidth of the band-pass filter. The impedance level 
of the band-pass filter is determined by the choice of the load resistor 
R,, and Eqs. (e) and (f) in Fig. 29-2 relate the element values in the 
band-pass filter to w, R,, and f,, along with the element values and cut- 
off frequency 9, of the low-pass prototype. 
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LOW-PASS PROTOTYPE FILTER AND A TYPICAL TCHEBYSCHEFF RESPONSE 


In an actual microwave device it will usually be necessary to use 
resonators which are a combination of semi-lumped and transmission-line 
elements rather than lumped-element resonators such as are shown in 
Fig. 29-2. For this reason it is convenient to use the equivalent repre- 


sentation shown in Fig. 29-3. In this case the actual nature of the 


resonators is left unspecified, but it is assumed that in the vicinity 
of f, they exhibit resonance characteristics similar to those of the 
resonators in Fig. 29-2. Then for frequencies near fy the resonator 


reactances X|, or susceptances B,, are approximated by resonator functions 


of the standard form indicated in Eqs. (a) and (d) in Fig. 29-3. The 


properties of each resonator are no longer defined in terms of an L and 


a C, but in terms of a center frequency ns and a slope parameter & or 4. 
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a I I LS SI I I RI A I I Nt a a A ge ge 


- , i] tS = t, 
2 ae (4 7 ) (oe) 
WHERE 


LVL to) 


ATTENUATION — db 


. FRACTIONAL 
BANOWIOTH 


IN EQUATIONS FOLLOWING, © 
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J. FREQUENCY Se hd 


AR, 1S CHOSEN TO GIVE DESIRED IMPEDANCE LEVEL, AND RoR, (4,A,) 
FOR SERIES BRANCHES 


pL paryerecmnyecly) 


1s 


FOR SHUNT BRANCHES 


6° (omelette te uted “a Mea! "n 


FIG. 29-2 


SUMMARY OF RELATIONS FOR DESIGN OF LUMPED-ELEMENT BAND-PASS FILTERS 
FROM LOW-PASS PROTOTYPES 
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WHERE 
w x | R a, b 
s,° (SLOPE PARAMETER) = a at eee (—) (b) 
=¢ oe 
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vad (Locally 
(Eee 
a (4) 
i tire 
“WHERE j 
d n LSLOPE PARAMETER Ke ot " (42,¢.) te) 
‘ a 2 dwlwrw, wR, es 
@-3690- 890 
FIG. 29-3 


GENERAL DESCRIPTION OF BAND-PASS FILTERS IN TERMS OF 
RESONATOR SLOPE PARAMETERS 
(124, lj, cy-ond ry-are defined in Fig. 29-1) 


For series resonators the slope parameter x, iis related to the resonator 
reactance slope at frequency f, and also to the prototype parameters as 
indicated in Eq. (b) of Fig. 29-3. ~The parameter R,, in Eq. (b) of the 
figure is defined by Eq. (c) along with the circuit drawing. For the 
configuration shown ay = R,; however, in some forms of microwave filters 
an impedance level transformation takes piace, so that it is desirable 

to introduce the parameter R,, as indicated in Eq. (c) and the figure. 

It will] be noted that the slope parameters x, for series resonators have 
the dimensions of reactance, and it will be found that for a lumped- 
element circuit such as ‘that in Fig. 29 -2 the slope parameter for a series 


resonator is given by 


(29-15) 


where fy is the resonant frequency. For the general case of semi- lum 
or distributed resonators, however, the slope parameter % is most co 
veniently defined in terms of the derivative of the resonator reactan 
as in Eq. (b) in ig-+ 29-3 For the case of shunt resonators and the; 
slope parameters 4, entirely analogous Statements apply in terms of 


Susceptance inscead of reactance. 


De ecAN UP-CONVERTER MODEL FOR PURPOSES OF ANALYSIS 
AND DISCUSSION 


features which have been used at SRI quite successfully on 4 degenerat, 
parametric amplifier, and it is believed that they could also be used | 
advantage in electronically tunable Up-COnverters in certain frequency 
ranges. However, the design equations and charts in the following sect 
should be applicable for any of a variety of coaxial, Stripline, or way 
guide types of up-converter structures. In this model the diode will b 
resonated in series for reasons Summarized in Sec. Kk, although the desi 


data to follow can be applied also for designs where the diode is reso- 
nated in shunt, . 


Figure 29-4 shows the model up-converter circuit. This circuit us 
a three-resonator wideband input filter, a three-resonator moderately 
wideband pump circuit filter, and a narrow-band, single-resonator Out put 
filter. The diode plus the length of high-impedance transmission line 
introduces multiple resonances, one of which provides the resonance for 
the No. 1 resonator of the input filter, and another of which provides 
the resonance for the No. 1 resonator of the pump filter. Note that the 
diode representation includes Co. Ci, and R, in series along with L,, 


the diode internal inductance, Since the number of resonators for the 


is convenient for both the input and pump filters to define the resonator 
formed by the diode circuit as the No. 1 resonator, even though the 

generator is actually at the other end, Under these conditions R 
the generator internal impedance instead of RY 


The performance of the circuit in Fig. 29-4 can best be understood 


by considering its operation at the various frequencies of interest, 
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FIG. 29-4 
A POSSIBLE CIRCUIT FOR AN UP-CONVERTER FOR ELECTRONICALLY TUNABLE FILTER APPLICATIONS 


Figure 29-5 shows the equivalent circuit of the input filter circuit at 
frequency f and the output circuit at the sideband frequency ff’, with a 
box labled X,,X,, to represent the coupling effect of Cj between energy 
components at frequencies f and f’. The operation of this box is dif- 
ferent for lower-sideband up-converters than for upper-sideband up- 
converters,!*3 and its operation will be summarized in Secs. E and G. 
Since the pump filter center frequency, f4, is much higher than the 
center frequency, f,, of the input filter, the susceptance B} of the 
No. 2 resonator of the pump filter in Fig. 29-4 will be very large so 
that the high-impedance line is effectively short-circuited. At fre- 
quency f,, the high-impedance line is less than A/8 long and acts much 
like a lumped inductance which brings the diode to series resonance at 
that frequency. Since Cy: Ly, R,, the impedance of the short-circuited 
line, and the impedance reflected through Cj (Z, in Fig. 29-5) are 
effectively in series, the diode and high-Z, line together may be repre- 


sented as shown in Fig. 29-S by R,, Z,, and the series resonator X,. 


At the pump-channe! band-center frequency, f5, the impedance Z, in 


Fig. 29-4 will be reactive and nearly zero, and the diode plus the high-Z, 


4 
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A CIRCUIT WHICH 1S APPROXIMATELY EQUIVALENT TO THAT IN FIG. 29-4 FOR ENERGY COMPONENTS 
AT THE INPUT FREQUENCY f OR THE SIDEBAND FREQUENCY § 


line will again exhibit resonance. The impedance seen looking into the 


high-Z, line from the right in Fig. 29-4 is given by 


(R, +jX,) + jZ, tan @ 
Z 2 (29-16 
J(R, + jX,) tan @ 9; eae 
———————————— 


zy 


where R, + jX, is the total impedance developed across the diode along 
with the input filter reactance Z. in Fig. 29-4 at the pump frequency, f?. 
Choosing Z) to be large as compared to R, (a condition which is easy to 
fulfill since R, might typically be around 4 ohms), to a good approxi- 
mation Eq. (29-16a) becomes 

R )(Z, tan 6 + x,) 


3 
met 
lo" tan 6 l= *tan'G 
Z, Zy 
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oe 8 Ras (29-16b) 


In most cases the pump band ‘center f§ will be above the self-resonant 
frequency of the diode; therefore, at f§ the reactance X, will usually 

be inductive, and 6 will be somewhat less than 7. Under these conditions 
the quantity in the denominators of Eq. (29-16b) will be somewhat greater 
than one (since tan @ is negative) and will be slowly varying since 
X,/Z, will be increasing with frequency, while tan @ will be decreasing 


in magnitude as the frequency increases. 


Since 6 ori be roughly of the order of 7, in some cases the denomi- 
nators of the terms in Eq. (29-10b) will be very nearly one. Assuming 
for the moment that this is the case and that Z, for the input filter in 
Fig. 29-4 is negligible at ff, then Eq. (29-lob) is equivalent to the 
impedance of Le c. Doe and the short-circuited, high-Z) line all con- 
nected in series as shown in Fig. 29-7(a). If the denominator in Eq. (29-16b) 
cannot be neglected, the magnitude of RP + yXf will be affected as indicated 
by the equation, but the general nature of the performance will be quali- 


tatively the same. 


It is thus seen that for frequencies in the vicinity of and ff; 
! q Y 0 0 
Co 


similar to the series-resonant circuit shown in Fig. 29-7(a), which has 


L, and the high-Z, line operate at least qualitatively in a manner 


the reactance characteristics shown in Fig. 29-7(b). The reactance slope | 


in the vicinity of f, will be important in the design of the signal input 


PUMP FILTER 
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FIG. 29-6 


A CIRCUIT APPROXIMATELY EQUIVALENT TO THAT IN FIG. 29-4 = 
FOR ENERGY AT THE PUMP FREQUENCY f? 
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filter. while the reactance slope in the vicin- 
ity of f§ will be important in the design of 
the pump input filcer. At the sideband fre 
quency fi, the diode and high-Z, line in 

Fig 29-4 will see reactive impedances Z. and 
Zz of small magnitude, but the diode and line 


will not be resonant. However. the presence 


of the lightly-coupled sideband resonator in 
Fig 29-4 will introduce a narrow resonance at 


either the lower or upper sideband frequencies 


indicated in Fig. 29-7(b). It is desirable 86-2526- 900 
that this sideband output renen ache be coupled FIG. 29-1(c) 
as lightly as possible, consistent with low 

oaa% ; APPROXIMATE EQUIVALENT 
transmission loss, so chat it will cause a CIRCUIT FOR THE DIODE 
minimum increase in the reactance slope in the RESONATOR 
vicinity of ff. Since the up-converter would 


probably be followed by a fixed-tuned, superheterodyne receiver, an addi- | 
tional high-Q filter following the sideband output filter would be 
desirable to ensure high attenuation at the image frequency of the 
superheterodyne receiver. 

Figure 29-8 shows portions of a possible strip transmission line 


amnlifier of the type under consideration. The diode used is in a computer 


tg FoR ty FOR 
LOWER SIDEBAND UPPER SIDESAND 

DEVICE DEVICE 
@a-28926- 30 


FIG. 29-7(b) 
REACTANCE PROPERTIES OF THE RESONATOR IN FIG. 29-7(a) 
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diode package having a glass envelope and wire leads. (The Hughes 1N896 
diodes are examples of varactor diodes packaged in this manner.) The wire 
dicde leads then serve as the high-Z, line for resonating the diode. 
Resonators No. 2 and 3 for the signal input filter are realized as two 
semi-lumped shunt resonators separated by a quarter -wavelength (at fre- 
quency f,) of line. The quarter-wave length line eliminates the need to 
construct resonator No. 3 as a series resonator. The signal input. filter 


would be of wide bandwidth and it could be designed using the theory in 
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FIG. 29-8 
A POSSIBLE STRIP-TRANSMISSION-LINE EMBODIMENT OF THE CIRCUIT IN FIG. 29-4 


The input, pump, and sideband filters are realized in practical microwave filter 
structures which will appeor from the diode resonator circuit to be equivalent to 
those in Fig. 29-4 for the frequencies of interest 
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Secs. E or G along with techniques for design of wideband filters which 


have been previously treated, 


The pump frequency must be able to shift an amount equal to the 
bandwidth of the signal input filter, but since the pump frequency band — 
is centered considerably higher than that of the signal input band, the 
pump filter fractional bandwidth will be relatively small. Pump filter 
resonators No. 2 and No. 3 are realized as quarter-wavelength, direct- 
coupled, two-port resonators, since this construction is convenient for 
narrow or moderate bandwidths, and will not have any spurious pass bands 
until about three times the frequency of the first pass band.® Each. 
resonator bar is series-capacitance-coupled at one end and shunt - 
inductance-coupled at the other. Looking to the right from the high-Z, 
wire in the diode circuit, the impedance of the structure appears much 
like Z? seen looking to the right from the high-Z) line in Fig. 29:4 for 


frequencies in the vicinity of Le 


The sideband output resonator shown in Fig. 29-2 is one-quarter * 
wavelength long; it is inductively coupled to the diode and high-Z) wire 


circuit, but series-capacitance-coupled to the sideband output line. . 


The circuit shown in Fig. 29-8 appears to be a possible realization 
of an electronically tunable up-conveorter having input frequencies : 


centered around 1000 Mc. However, other configurations are also possible. -. 


E. DETERMINATION OF SIGNAL-INPUT AND SIDEBAND-OUTPUT 
CIRCUIT PARAMETERS FOR UPPER-SIDEBAND UP-CONVERTERS 


When power is taken out at the upper sideband while the other com- 
ponents of the mixing process are suppressed, then the XiX3 coupling 


box in Fig. 29-5 operates like an impedance inverter so thath3 


XX 


12°21 
2, ? Ze (29-17) 
and 
: XX) 
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where, as indicated in Fig. 29-5, the unprimed impedances are evaluated 
at the signal input frequency, f, while the primed impedances are evalu- 
ated at the sideband frequency, f’ By the Manley -Rowe equations,*> the 
power P, entering the left side of X,,X,, is related to the power P, 
entering the right side of X,,X,, by 

P, 


f' 
alk a a ay (29-19) 
P, jy 


where the minus sign indicates that if power flows into the left side, 


power will flow out of the right side 


Let us define (R,). 0° as the nominal value of the signal input filte 


impedance Z, in Fig. 29-5. The impedance (R,),,, is purely real and is 
equal to the resistive terminating impedance which would give best trans- 


mission through the filter. In terms of Fig. 29-3. 


(29-20) 


where Ne and 1, are from the lumped-element prototype. For purposes of 
computing the nominal gain of the amplifier, the signal input filter will 


be repiaced by a Thevenin equivalent generator having an internal imped- 


ance equal to (R,)_... At the sideband output frequency fg. the impedanc 
Z, in Fig. 29-5 will be purely real and wil) be defined as 
R at Py (29-21) 


Using Eqs. (29-17) to (29-19) and the above definitions for (R,).., 
and Ry, it can easily be shown that the nominal power gain for input 


signals in the vicinity of f, is 


Pas fo A(R,) po aReg (Xr 2X21) 0 
SSS (29-22 
Paveil to {048 ,) oe Bi RV (Ry, : R}) _ CEE RP 
where R, = Ri is the diode loss resistance, Peveia te the available powe: 


of the input frequency f,, and P)., is the nominal output power at the 
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sideband frequency ae The gain wil} vary somewhat »cross the tuning : 
range due to variations in Zhe XiXo. and f'/f, but Eq. (29-29) Bives 
what will herein be referred to as the nominal gain of an upper-sideband 
up-converter, 


In the design of an amplifier, the input and pump channel filters 
serve primarily as wideband impedance matching networks. Thus the first 
step in the design process is to design the diode resonator circuit and 
then determine the slope parameters ©), and @? at frequencies fy and Toe 
respectively, by use of the derivative form of Eq. (b) in Fig. 29-3. By 


Eq. (b) of Fig. 29-3, for » desired fractional bandwidth w of the input 
circuit, R,, must be | 


a7) d 
Ry se ae (a4 ) ; (29-23) 


and then (Ry)... i8 given by Eq. (29-20). The slope parameters @; and 4, 
for the other resonators of the input filter may then be computed from 
the lumped-element prototype filter parameters, R 


bo and w by use of 
Eqs. (b) and (e) in Fig, 29-3, 


Knowing (R,), |. and esi and having values for (X11). Rie Rie 
and a » C,/C, for the diode, the maximum gain will be obtained if Ries 
matches Z; in Fig. 29-5, which requires that 


+R, (29-24) 


be satisfisd. This can be expressed as 


’ ’ 1 
R e R 1+ ———___. (29-25) — 
a ; E vi(T + ap 
where 
(Ry) se Cy ; : 
ee ° RLU (29-26) | 
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and 


ys (29-27) 
Inserting Eq. (29-25) bn 629-22 ny ve dss after some manipulation, 
Pout 
P 
avail T i 
Zs Ses So erg eas (29-28) 
fore eee aap sey TY i] 
fo 


If this analysis is carried out on the dual basis for the case of 


the diode resonated in shunt we {ind the dual expressions 


a 
Gro s twa] ; . (29-29) 
r 
é 
eee Ge ee ae Gyo may (29 -30) 
: 1 
gh fe Jes ie oe (29-31) 
v2(T + 1) 
T 5 Le aoe (G,) ose (29 32) 
G, Cr 


and Fqs.. (29-20) and (29-28) apply as before. The parameter GZ in 

Eq. (29-31) is again the equivalent shunt diode loss conductance: given 
by Eq. (29-9). In order to facilitate design calculations a plot of 
(Pearl Pave 


The reference form for the band-pass filters is the dual of that in 


1 o/ Fo? vs v is shown in Fig. 99-9 for various values of T. 
Fig. 29-3; the slope parameters and terminations for this dual filter 


may be convenient ly specified directly in terms of the low-pass prototype 


in Fig. 29-1. 
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FIG. 29-9 


CHART FOR DETERMINING THE GAIN OF UPPER-SIDEBAND UP-CONVERTERS 


(T= (Ri) nom’ Rs for the case of a diode resonated in series, and 
Te (Gi) om’ Cg for the case of a diode resonated in shunt. As 
is discussed in Sec. J., this chart does not opply accurately for 

' the shunt resonance case if the diode has. significant series 
inductive reactonce. } 
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F. PUMP CIRCUIT IMPEDANCE MATCHING FILTER 


In order that the pump channel have a nearly uniform reflection loss 
across the pump frequency band, it is necessary to design an impedance - 
matching filter as shewn in Fig. 29-b. In this case the resistance Re 
next to the No. 1 resonator is given by R, ain Eq. (29-16b). The No. 1} 
resonator, having a reactance Xf [given by Eq. (29-16b) for the Case of 


Figs. 29-4, 29-6, and 29-8] is characterized by the slope parameter~_ 


xf computed at frequency ff in Fig. 29-7(b) using the derivative form of to 


Eq. (b) in Fig. 29-3. (Recall that in this case the resonance of the 
No. 1 resonator .is created by the second series resonance of the diode 
circuit, as discussed in Sec. D.) The fractional bandwidth ”, of the 


pump filter is 


w = v— : (29-33) 


where w is again the desired fractional bandwidth of the input circuit. 
By Eq. (b) in Fig. 29-3 


2,4, atw, : 
Ks 3 . (29 -34) 
L , Reo 


where the subscript p on (2)4,/%1), is introduced to indicate that these 
parameters refer to the low-pass prototype for design of the pump filter. 
Since, in accord with Figs 29-1 and 29-3, 


Re nv 
beet tg ed iy (29-35) 
RP re 

6 ° 

we may write Fq. (29-34) as 
a4, af, oe 
= . (29 -36) 
a ay Re , 
p 8 


where for the case of Figs. 29-4, 29-6, and 29-8, R* is given by 
Eq. (29-16b). The problem now focuses on finding a low-pass prototype 
having (Q,4,/.,), as given by Eq. (29-36), with a desired amplitude of 
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_ Tchebyscheff pass-band attenuation ripple and with a minimum amount of | 
reflection loss in the pass band. We are stuck with the prototype 
impedance JM, +”. and the other elements of the prototype filter are 
introduced to optimize the impedance across the band QN = 0 toN = n,. 


Certain aspects of impedance matching problems of this type were 
treated by Bode.8 Fano treated the general limitations on lossless 
impedance matching, and also the design of certain Tchebyscheff impedance 
matching networks.!§ Jatesa and Carlin'®® and others have made various 
contributions to the theory of lossless and Jissipative matching networks, 
This writer has extended Fano’s work to permit practical design of loss-~ 
less impedance matching networks for a wider class of- loads." We will 
now briefly outline a procedure for determinine the element values of the 
optimum low-pass prototype for the pump filter using the methods of Nef. Kee 

The Tchebyscheff filter reflection coefficient P(p) between r, and 

the impedance seen looking into U, ini Fig. 29-1 is defined eas 


P (pe) (29-37) 


MRS Me SPT 


where, in Ref. 17, p is the complex frequency variable p so + J®, and. 
Pi(p,d) and P.(p,e) are polynomials in p tabulated in Appendix I of 
Ref. 1%.” Cin Refia tate andi dcabove ate repleced by x and y, respectively, ) 
The degree of polynomials Pi(p,d) and Pi(p.,e) is n, and this is also the 
number of reactive elements in the lumped-element prototype. These poly- 
nomials give a |o(jw)| characteristic having an equal-ripple amplitude 
variation for frequencies between P= jws= 0 and p = jw ss Jw, = jl, where 
wand w, of Ref. 17 correspond to N and M, herein. The amplitude of the 
Tchebyscheff ripple of attenuation vs w in the pass band is controlled by. 
the parameter d in Eq. (29-37). Parameter d is given by 


1 


sinh! Howl 
ds. sinh | ——_. (29 -38) 


n 
where 


(db Tchebyscheff ripple) 
PS asthe esircniohsicle oiliacR dl sd Rell 2 


(99. 
10 29-39) 


H = antilog., 


Table 29-1 shows values of d for 0.2, 0.5, and 1.0 db Tchebyscheff ripple 


using n = 2 to 6. 


e . 
Since the above material wan written this writer hes tre-surveyed some of the literature on ImMpedances 
matching network design and has noted that the works of Green® and Barton? contain very usefi3 materiel 


for this application. This matter is discussed further in Chapter 30. 
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TABLE 29-1] 


LOW-PASS PROTOTYPE PARAMETER d FOR VARIOUS AMOUNTS OF 
db TCHEBYSCHEFF PASS-BAND RIPPLE AND 


n(Number of Reactive Elements) 


1. 3420 d ~ 1.0081 
1, RV4R 0.4265 ), 


0 RTS 0.4582 
4695 WAR 
. SHOT 0, 3000 


With d found, the parameter e in Eq (29-27) vs then found by! 


re . 
Ge hee has ar] sin — (29-40) 
Vina | tg 
; 


Knowing d and e, Pi(p,d) and P,(p,e) are completely defined as indicated 
in Appendix I of Ref. 17 [In the notation of Ref. 17, they are Pi(p,z) 


and P (p,y), respectively.] The normalized input impedance seen looking 


from re into 4, in Fig. 29-1 is then” 


Pi(p.d) + P.(p,e) 
Pi(p.d) -Pi(p,e) 


Z(p) = (29-41) 


where Z(p) is normalized to male ot 1 The element values of the proto- 


type filter are then obtained by. making a continued-fraction expansion of 
Z(p). 17, 0,° ; 


Taking %) = 1 and the equal-ripple band edge as %, = 1, (in’the nota- 
tion of Ref. 17 this is R, - 1 and w, = 1), the above procedure will give 
the optimum low-pass prototype for the desired Tchebyscheff ripple and 
value of n The amount of reflection loss can be reduced some by in- 
creasing n, but as n becomes larger the improvement in performance per 
unit increase in n becomes smaller and smaller. It can be shown that the 


maximum value of the reflection coefficient in the pass band is given by 


U(e) 


eto 29. 
ee, (29-42) 


lel 


. 
Or preferably, by the methods described in Chapter 30 of this report. 
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where U(d) and Ui(e) are tabulated in Table IV of Ref. 17 and are . 
plotted in Fig. 29-10 herein. Figure 5 of Ref. 17 shows another plot of 
these functions which is usable for larger values of d and e. The pump 
channel band-pass filter designed from this low-pass prototype will have 
the same maximum reflection loss in the pass band, the corresponding 


power transmitted to the diode being 


transeaitted 
A = ———— =: 1 - |p|? 


2 (29-43) 
(Pte ie 


times the available power (P...:,)? of the pump signal generator. It will 
be found that the larger the slope parameter af andthe larger the fractional 


Un (d) OR U, (@) 


iy 


j 1.00 
@or @ H2-2208- 906 


FIG. 29-10 


CHART FOR USE IN DETERMINING THE REFLECTION Loss 
REQUIRED INTHE PUMP CIRCUIT WHEN USING AN OPTIMUM 
TCHEBYSCHEFF IMPEDANCE MATCHING FILTER ; 
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bandwidth w,, the smaller A must be and the more available power will be 
required. Of course, besides reflection loss the filter will also have 


a small amount of dissipation loss. 


G. DETERMINATION OF SIGNAL INPUT AND SIDEBAND OUTPUT CIRCUIT 
PARAMETERS FOR LOWER-SIDEBAND UP -CONVERTERS 


If power is taken ovt at the lower sideband instead of at the upper 
sideband, Eqs. (29-17). (29-18), and (29-19) become, respectively, 


Zo. -— (29-44) 
(2') 
XX 

Zee ea (29-45): 

| (Z,) : 

and 

P! 

2 f 

— - — (29-46) 

Piesr as 


where the asterisk indicates the complex conjugate. Because of the 
negative sign in Eq. (29-44), this type of operation gives gain at the 
input frequency, f, due to negative input resistance. As is implied by 
Eq. (29-46), the power P) (at the lower sideband frequency, {') going 
out the right side of X,,X,, in Fig. 29-5 is larger than the power P, at 
frequency f going out the left side by the factor f'/f. Thus whatever 
gain is achieved at the input frequency is increased at the X,,X,, box 


by the factor f'/f for power taken out at the sideband frequency fis 


In this case Eqs. (29-20), and (29-21) apply as before, but Eq. (29-22) 


becomes 


Poet Fe 4(R Veealhs (Xx x ) ; 
: (=) pl de eee eee (29-42) 
ees fq/ {ERD oe + R,) (Ry + R;) % (Ryoko Jol? 


which gives the nominal gain of the amplifier. The value of R,, for the 
input filter ts determined by Eq. (29-23) as before, but R,, cannot be 
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determined by impedance matching to maximize the gain as was done to 
obtain Eq. (29-24), since the maximum possible gain is now infinite 


(yielding oscillation). In this case we define a stability parameter 


(R vagy at R, (R pA +R, 
Se eae or sae 9 (29-48) 
elie eesst | 
60 +R e 


which is seen to be the ratio of the nominal positive resistance of Z, in 
Fig. 29-5 to the magnitude of the negative resistance Z, seen looking in 
the opposite direction. Parameter D fixes the nominal value of the 
negative resistance gain of the amplifier, and for stability, D must be 


greater than one. By Eq. (29-48) 


= Ry (29-49) 


D , 
: nif i | (29-50) 
2(T + 1) : 


where T and v have the same meaning as in Eqs. (29-26) and (29 - 27), 
respectively. Substituting Eq. (29-50) in (29-47) gives 


(29-51) | 


The ratio Ele er OLUG toiys plotted vs v in Fig. 29-11(a), (b), (c). 
for D = 2, 3, 4 and various T values. These charts may also be used for 
the dual case where the dicde ‘is resonated in shone by defining T as in 

Eq. (29-32). For the dual shunt- diode case Eq. (29-50) becomes the dual 


equation 
D 
Gin ef = ; (29-52) 
v?(T + 1) 


Spree * 


=e 
$b bp bt $4 by 
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ie ESTIMATED PERFORMANCE OF SOME DESIGN EXAMPLES 


Let us estimate the performance of some up-converters ha 


ving an input 
band center of Ah > 1 EMec. 


The construction in Fig. 29-4 and 29-8 will 
be assumed using a Hughes 1N896 diode which has the computer-type package - 
shown in Fig 29-8. The lead wires on the diode will serve as the high-Z, 


line. The wires are 0.020 inch in diameter, and if a 0.500-inch ground- 


an impedance of 207 ohms. The diode 

{7 lig? sort (corresponding to a zero 

bias capacitance of about 2,3 uf). The series inductance L, of the diode. 
1tsélf will be? caken as 4 x 1979 henries. and the Operating Q will be taken 
as Q, = 35 at Pen 1 Ms. Clron_the manufacturer’s data this appears to 
correspond to a cucoff frequency of around 70 kMc 
Junction diode). The a = C,/C 
be 0.25. 


plane spacing is used they will have 


will be assumed to have a Cy value o 


for this type of abrupt 
o Parameter of the diode will be taken to 


In terms of the approximate equivalent circuit in Fig. 29-7(a), for 
the diode resonator 


Ki fa 3 jell ed + QnfL, + Zz, tan aa, : (29-53) 
arse | 


r 


where f, is the frequency shown in Fig. 29-7(b) for which the high Z 


line 
0 
is A/4 long. Setting f = Foe rnddce 


Cy = C,(1 - a?) = 1.17 x 10-'2 ¢@ 
Li, =4-* 10°9h, and Z) + 207 we find that J fee 
in turn calls for the Zo 


3.21 kMc is required which 
= 207 ohm line to be & = 0.922 inch long. The 
slope parameter ©, at frequency fg is obtained from 


“5 dX 
a Ven 
2 dw widnf are 
ae () i (29-54) 
Ds Tn nee es 
2 ; O:4 2 
Qnf Cc? ide ot (ite 
2f, 
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which gives «, = 145 ohms. Solution of Eq. (29-53) shows that ff in 
Fig. 29-7(b) will occur at about ff = 5.45 kMc, and by calculations 
similar to Eq. (29-54) the slope parameter there is about «=| = 430 ohms.- 


Let us first consider an upper-sideband up-converter having an input 
tuning band-edge ratio of one-half octave (i.e., for the input filter, 
fx/f, * V2 where f, and f, are defined in Fig. 29-2). This calls for 
w = 0.348. The input filter will be assumed to have nm = 3 resonators and 
1 db Tchebyscheff ripple. From tables™%9 of low-pass prototype filter 
elements we find that (2,4,/%,) = 2.024 and Ne =”, for this case. Then 
by Eqs. (29-20) and (29-23) we obtain (R,). |. = Ry, * 25 ohms. Since 
R, = (X,,),/Q, = 3.86 ohms. T = (Ry), 6/R, = 6.5- In this upper-sideband 
case fy fm * fy 2 5.45 + Vo = 6.45 kMc which gives by Eq. (29-27), 
yw = 0.291. By use of T and v in Fig. 29-9 along with the fact that 
fo/fo = 6-45 we obtain Pp? L/P 


out 


eveil * 3-48 or a nominal gain of 5.3 db. 
By Eq. (29-25) it is found that the sideband resonator should be adjusted 
to couple a resistance of Rio = 9.95 ohms into the diode circuit at the 


upper-sideband frequency f, = 6.45 kMc. 


Using «7 = 430 ohms, v7 wf o/f§ = 0.0638, and Re = R, = 3.86 ohms 
in Eq. (29-36) we get (2, 4,/%,.), = 7.1 for the pump-filter low-pass 
prototype. A Tchebyscheff ripple of 0.5 db using ann = 3 resonator pump 
filter will be specified which by Table 29-1 calls for d = 0.6265. Then 
by Eq. (29-40), e = 0.4855. By Fig. 29-10, U,(0.6265) = 3.05 and 
U,(0.4855) = 2.18. By Eq. (29-42), lel.,, = 0.715. By Eq. (29-43), a 
minimum power of A(P||..,)? = 0.49 (P )? will be delivered to the 
diode where (P, 
diode is to be pumped with a peak-to-peak voltage of 6 volts, it is 


aveil 


vai}? ts the available pump power. Assuming that the 


estimated that the diode will absorb about 30 mw of pump power when 


f? = f§ = 5.45 kMc. Thus the required available pump power will be about 


(P 


input filter. A 1 db dissipation loss would raise this figure to about 


)? = 30/A=30/0 49 = 61 mw, neglecting dissipation loss in the pump 


eveil 
77 mw required available power, 


Let us now make analogous calculations as described in Sec. G using 


the same diode and diode circuit having f, = 1 kMc, {5 = 5.45 kMc, 


* 
In computing RP and af the denominator im Eq. (29-16b) was negiected and the representetion ia 
Fig. 29-7(#) was used. This should cause little error in the performance estimates about to 
be computed since, 18 has been mentioned in Sec. W, the denominator of Eq. (49-16b) will be 
verying quite slowly. It can therefore be regarded es conataeat within the frequency range of 
interest. As s constant it would decrease the size of both Lit 4 and proportionally (about 
25 percent in this case), but would cancel out in the computation given by Eq. (29-36). 
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es 


©, = 145 ohms, xf = 430 ohms, etc., as before. Again w = 0.348 will be 
used (half-octave input tuning range). In this case the output will be 
taken at the lower-sideband frequency: f; ls fa fy = 5.45 = 104/45 kMec. 
Since this gives negative resistance operation which increases the sensi- 
tivity to input impedance variations, the n = 3 resonator input filter 
will be assumed to have its Tchebyscheff ripple reduced to 0.25 db which 
calls for (2, 4,/a,) = 1.3034.! 


The calculations as outlined in Sec. G call for (Ry). = Ry, 2 
38.7 ohms, Ri, = 8.0 ohms (when D = 2), Assuming a stability parameter 
of D = 2, the nominal power gain would be 13.4 db, 8,1 db greater than 
for corresponding upper-sideband design. The pump power required should 


be the same in both cases. i 


Similar calculations for a one-octave-tuning-range lower-sideband 
up-converter were made, again assuming the same diode circuit and the 
same fy, ft, f5 = 4.45 kMc values. A value of 0.25 db Tchebyscheff ripple 
was assumed for the n = 3 resonator input filter. Since stability might 
be more of a problem using an octave input bandwidth, D = 3 was used. In 
this case (Riedie. = 78.8, Rie = $.45, the nominal gain is 8.8 db, A= 0.273 
and the required available Pump power is about LF uc rare hd = 30/0.273 = 110 mw, 
neglecting pump filter dissipation loss and assuming that the diode needs 
30 mw of absorbed pump power. If the pump filter has 1 db dissipation loss, oe ‘ 


the required available power would be about 138 mw. 


With respect to these performance estimates, it is well to note the 
factors that have been neglected. The calculated gain values neglect the 
dissipation loss of the input filter and the sideband output resonator. 
Also, it should be recalled that the gain given is the nominal gain; there 
will be some variation of gain across the band due to variations with 
frequency in the signal input impedance, Z,, and the coupling, X,,X,,, 
and also due to variation in the up-conversion ratio, IAT. In converting 
Fig. 29-4 to the form in Fig. 29-5 it was assumed that impedance zez 0 
at f = f,, where Ze would actually be a small Feactance at f = fy- This 
would affect the resonance characteristic somewhat. A similar assumption 
was made in obtaining the equivalent pump circuit in Fig. 29-6. Correction 
for these reactances would probably have a minor effect on the preceding 


performance estimates. 


The calculations neglect the increase in the slope parameters ©, and 


af due to the introduction of the sideband output resonator. If this 


1 
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resonator is kept as loosely coupled as possible (consistent with low 
dissipation loss through the resonator) the increase in reactance slope 
due to the presence of this resonator will probably not be large: Of 
course, for a given required tuning range, any increase in x, will in 
turn result in somewhat le&s gain; while any increase in af will in turn 
result in a larger pump reflection loss and a correspondingly larger 


required available pump power. 


The calculation of (R,),,, for the stan input filter for a given 
lumped element prototype, a given slope parameter @,, and a given desired 
fractional bandwidth w, assumes that the diode resonator has a reactance 
characteristic as indicated by Eq. (a) in Fig. 29-3. The actual effective 
reactance of the diode resonator loéks mere like that shown in Fig. 29-7(b). 
The presence of the pole of reactance at frequency f, will tend to narrow 
the actual bandwidth of the input filter. This effect would probably not 
be very large for a half-octave bandwidth input filter, but it might be 
quite appreciable in the case of an octave bandwidth filter. The net 
result is that a larger (Ry ee value will be required (which will result 
in a smaller R,, and somewhat less gain) in order to obtain the desired 
bandwidth, and the shape of the reactance characteristic will have tobe 
considered in the design of the wideband input filter. In particular, 
the performance of the input filter will probably be best if its other 
resonators are designed to have similar resonance characteristics in the 


input frequency range of interest. 
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I. RESULTS OF A PRELIMINARY ELECTRONIC TUNING EXPERIMENT 
WITH AN UP-CONVERTING FILTER CIRCUIT 


1. Description oF THE Device AND ITs PERFORMANCE 


Figure 29-12(a) shows a strip-transmission-line up-converter for 


lies ee it ain his Le See ene ne eae sspabetnedbiain, 


electronically tunable filter applications which was fabricated in the — 
SRI Electromagnetics Laboratory some time ago. It was designed and con. 
structed for a trial experiment before most of the theory in Secs. B to 
ll was worked out and, as will be evident from the analysis to follow, th 
performance of this device 1m no way represents the optimim performance 
that can be achieved with electronically tunable up-converters. llowevel 


quite a few things were learned from this experiment, and it appears 


desirable to share the experience gained. 


Figure 29-12(a) shows the device with its cover plate removed, and 
Fig. 29-12(b) shows its equivalent circuit. The diode is resonated in 
parallel at the input band center, fy = 1.2 kMc, by use of a short-cire 
stub. The signal input coupling is controlled by a series-inductance 
coupling made from high-impedance line (fine wire).— The pump circuit u 
a single resonator filter formed by a nominally one-quarter- wavelength 
resonator with series-capacitance coupling to the diode, and shunt- . 
capacitance coupling to the pump input line. 2 The device is an upper: 
sideband up-converter, and. the upper sideband output also consists of a 
single resonator filter. This sideband filter is also of the quarter- 
wavelength-resonator type, using series-capacitance coupling to the dio 


but with shunt-inductance coupling to the output line. 


The device used an input band-center frequency of fy = 1.2 kMe, an 
output frequency of f, = 5.05 kMc, and a pump-band-center frequency of 
HH = 3.85 kMc. In testing this device it was found that the pump circu 
resonator and the series-inductance input coupling did not adequately | 


reject the sideband frequency ie making it necessary to add low-pass 


filters in the pump and input circuits. The diode used was an early mo 
Microwave Associates diode which had a cutoff frequency (for bias near 


reverse breakdown) of 36 kMc. As the analysis will show, one cannot 
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FIG. 29-12(b) 
EQUIVALENT CIRCUIT FOR THE STRUCTURE IN FIG. 29-120) 


expect much gain in an upper-sideband device such as this when using a 
diode with such a low cutoff frequency. The main objective of the experi- 


ment was to demonstrate the electronic tuning properties of the device. 


Figure 29-13 shows a plot of the gain vs. input frequency as the 
amplifier is tuned. For each input frequency the pump frequency was 
adjusted to Bive an upper sideband output frequency of fo = 3.05 kMc, 
while the pump power level was adjusted always to maintain 0.5 microampere 
or less of diode current with 3.5 volts back bias. The 3-db down tuning 
bandwidth turned out to be 14.6 percent, which is considerably less than 
was at first anticipated. However, the analysis to follow shows that the 
performance is about what should be expected if one considers the delete- 


rious effect of the diode’s internal inductance. 
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FIG. 29-13 
ELECTRONIC TUNING PROPERTIES OF THE CIRCUIT IN FIG. 29-12(a) 


For each input frequency the pump frequency wos adjusted to give a 

5.65 kc upper-sideband output frequency, ond the pump power wos 

adjusted togive obout 0.5 microampere diode current. As is discussed 

in Sec. |, the tuning range of this device wos severely limited by 

the diode series inductance which made the diode self-resonant at a 
> frequency quite close to the input tuning bond 


Teble 29-2 shows the results of an experiment performed with this 
device. In this case the bias and pump power were adjusted at each 
tuning frequency in order to maximize the gain. The main effect of 
this was to vary the tuning of the diode tank circuit so that the am- 
plifier was made to operate over a much wider tuning range. At certain 
frequencies it is seen that the gain is relatively high. This was 
found to occur when the lower sideband signal found resistive termina- 
tion so that the amplifier had some negative resistance gain. The 
variable-bias operation illustrated by Table 29-2 is interesting 
inasmuch as it shows additional means for extending the tuning range. 


However, varying the bias introduces additional complications, since 


the bias voltage must track the pump frequency, Also since varying the 


bias affects the pump circuit, maintaining a uniform diode pump voltage 


swing becomes more difficult. 
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TABLE 29-2 
UP-CONVERTING FILTER, OPERATION WITH VARIABLE BIAS 


Operating Conditions: 


Output set at 5.050 kMc for all tests by adjusting pump fre- 

uency so sum of signal and pump frequencies equals $.050 kMc. 
For each signal frequency the diode bias and pump power level 
were peaked to give maximum gain (except where noted). 


DIODE BIAS 
(volts) 


INPUT FREQUENCY 
(kMe} 


0.39 forward =. 2.4 

0.34 forva-d + 1.6 

0.22 forva-d +14.4 (must involve lower side band) 
0 (bias not peaked) | + 3,4 

0.06 for-sard 6.6 (must involve lower side band) 
0 (bias not peaked) 6.1 (must involve lower side band) 
9.27) -everse 1.3 : 

0.85 reverse 2:2 

1.65 reverse 1.6 

3.55 reverse 1.6 

4.2 reverse 0.8 

5. reverse 1.25 


2. THEORETICAL PERFORMANCE ASSUMING Diope INDUCTANCE Is ZERO 


The diode used had a zero bias Capacitance of 3.8 uuf and a capaci-. 
tance near reverse breakdown of 1 4 Hef according to the manufacturer’s 
specifications. The cutoff frequency, f., for the diode biased near 
reverse breakdown was rated as 36 kMc. This implies a diode series 
resistance of R. = LD? C27 Cpe vac ee) 883 16 limes CaTHe manufacturer 
indicates that the diode inductance is about Ly, = 3 * 1079 henries for 
this diode: however, let us ignore this inductance for the moment. and 
compute the performance which would result if this inductance were zero. 
We will assume that a = C,/C,'+ 0.25 “and we estimate that under operating 
conditions Co 2.3) pp. 


The diode tank circuit has, besides the capacitance Cy, additional 
capacitance C_ contributed by the pump and output circuit couplings and 
by stray capacitance to the ground planes. ‘It is estimated that C. is 
1 wef or more; herein it will be &ssumed to be } bye, 
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Analogously to Eq. (29-15), if C, + C, is tuned out with a lumped 
inductance, the slope parameter of the input resonator at frequency fo 
willbe. =. 27f,(C, + C.) = 0.0248 mho. The input coupling to the device 
was designed to have (Gy)... = Gyo * 0.00426 mho. For a single-resonator 
filter with the fractional bandwidth referred to the 3-db points, 

(1,4. /%4) - 2. Thus, the fractional tuning bandwidth would be about 
w = (Ga) nou Oy (M4: / 4) = 0 344, provided that Las 0. It will be shown 
later that the measured fractional tuning range was shrunk to 0.146 


largely because L, was not zero. 


Pee cirne hl (25 OMB hots 271 6CoL anoles enka te R(B,,)5 * 
3. 16(0.0173)2 = 0.000946. This gives Q, = (By,)o/G, = 18.3. Then 
T = (Gy) goa/Gy * 0-00426/0.000946 = 4.5 aid wee el /nGs) -Uho/lo * 
[1/(0.25)(18.3)] “5.05/1.2 > 0.448. By Eq. (29-28), Po. /Peveia.* 1-63 
or 2.12 db, a value that compares reasonably well with the midband gain 
in Fig. 29-13. 


3. THEORETICAL PERFORMANCE IncLUDING EFFrects oF Ly 


Now let us recompute the performance of this device using the same 
figs ae Cy. 8ar" c,/C,, 5 Or Oe and GD) but including L, = 3 * 10°%, 
the approximate value of the diode series inductance as suggested by the 
diode manufacturer. In this case the total susceptance of the input 
resonator (diode tank resonator) will be 

2B. * gBt. + 706, 9 (29-55) 
J°, = JPiy J e 7 a, . j 
where Br, is given by Eqs. (29-63) and (29-64). For the desired parallel 


resonance at f = fo» L, is chosen so that 


I ian BE), + oC. (29-56) 
0 P 
which makes B, | = 0. The slope parameter of the input resonator is 
: w= 
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0 1 
4, = 93 th 

2 utd Wz, 

Wy ; 
#2 S154 mee 
' Uy EC Hps Hind PCs w, | 1 
= — —_—_——_—————- + ht we, + (29-57) 

: 

t abdWveqteas. (ry iyine a?) it 

where the quantities Y, y' and @, are as discussed in See ee In this 


case f, = 1/2mCiL, is 1.99 kMc, so w/w, = f,/f, = 1.2/1.99 = 0.603 = 
and w/w, = fo/f, = 5.05/1.99 = 2.54. This gives y = -0.636, and y’ = §,45. 
Using.a = 0,25,°C3 = €,(1 - a7)" 2.3¢10 1?) TL > (0.25)7) = 2715 * 10 see 
L, = 3 * 10°78, and also C, = 1 * 107)? as before, by Eqs.. (29-56), (29-57) 
and (29-63) we obtain the slope parameter 4. = 0,0484. Then the estimated 
fractional tuning bandwidth would be w = ((G,), ../4,)(9,4, 4,9) 2 
(0.00426/0.0484)(2) = 0.176. By Sec. J we obtain (G$) = 0.00203, 

(G$)" = 0.0005, and by Eq. (29-63) and the dual of Eq. (29-24) we obtain 

Gyo = 0.00136. By the dual of Eq. (29-22) the nominal gain (in this case 

the mid-tuning range gain) is P’,./P,,,;, = 1.825 or 2.61 db. 


out 


Considering that the values used for the various parameters in these 
| calculations are not known very accurately, the calculations are in rather 
good agreement with the measured results. The calculated tuning bandwidth 
of 17.6 percent would easily shrink to the measured tuning bandwidth of 
14.6 percent by use of a somewhat larger value for L,. The computed mid- 
band gain of 2,61 db does not include the losses in the input and output 
coupling networks; when some allowance is made for such dissipation loss, 
the computed gain appears to agree rather well with the measured midband 
gain of 1.6 db in Fig. 29-]3. 


It should be noted that the computed tuning range shrank from 
w= 0.344, when L, was taken to be zero, to w = 0,176 when Le = 3x 1079A. 
The reason for this shrinkage in tuning range is that the presence of Ly 
makes the diode self-resonant at a frequency f, = 1.99 kMc, which is only 
0.79 kMc above the tank resonant frequency fy: The susceptance B, of the 
diode resonator then looks something like the reactance characteristic 
in Fig. 29-7(b). The susceptance of B, is zero at fg, but goes to infinity 
at f,. The closer f, is to fy, che larger the slope parameter 4, evaluated — 


at f, will be and the smaller the tuning range. If, for example, this 
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device had been designed to operate with fy = 0.8 kMc instead of 1,2 kMc, 
the fractional tuning range would doubtless have been improved considerably, 
since then f, and f, would be more widely separated. Of course, the tuning 
range could also have been increased by increasing the coupling to the sig- 
nal input line to increase Gyo: while decreasing the coupling to the 
sideband resonator correspondingly to preserve the impedance match. This, 
however, would have reduced the gain which was already low as a result of 


diode loss. 


» J. THE ADMITTANCE PARAMETERS OF A VARTABLE-CAPACITANCE DIODE 
HAVING APPRECTABLE SEQTES TADUCTANCE 
The open-circuit impedance equations of a variable-capacitance diode 


in a lower-sideband up-converter can be expressed (neglecting losses) ash3 


Pe Sy) Et ay a 
: (29-58) 


21 IX, I v 


) Xx 
where the X, , are given by Eqs. (29-11) and (29-12), V, and I, are, re- 
spectively, the voltage across the diode and current through the diode at 
the signal frequency f, while V, and I, are the corresponding quantities 
at the lower sideband frequency f’. If the diode has series inductance, 
Eq. (29-538) becomes 


H(- X,, + %) i(- %,,) I, yy 
= (29-59) 
IX J(Xy, > Xi) I, vs 
where 
Ew 2efEy. (29-60) 
x, = anf'L, : (29-61) 


and L, is the diode internal series inductance. Note that since L, has 
no frequency conversion properties, it does not affect the mutual-reactance 
terms in Eq. (29-58). By matrix inversion and some manipulation, Eq. (29-59) 


becomes 


< 


jBy, JB, 1 I 
x (29-62) 


< 
® 
e 
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ne OS DUASLENUE Hehe Se! 


where the Bia are the equivalent short-circuit admittances 


a y' al 
B* 2 
11 yy’ is a2 
= yw'C8 
By, ¢ : 
yy’ - a 
(29 -63) 
ry ant 5 
12 yy! py 
; aw'C 
By Fi 
vy =a 
where 
@ 2 
rae (=) =4 
we 
a’ 2 . 
Hee (=) ee | (29-64) 
w 
1 
Fy af eee 
VL CS 


Wis 2nf magus 27). gam C,/C,. and Cj is as defined in Eq. (29-12). 
For the case of an upper-sideband up-converter, Eq. (29-59) becomes 


ey. ee a, r V, 
= (29-65) 
hae plaks,. + Xt) fr V 


where in this case V, and I, are the corresponding voltage and current at- 


the upper-sideband frequency, f'. Matrix inversion of Eq. (29-65) gives 
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11 12 1 ; 1 
= (29 -66) 
1B) 1B}, v, I, 


where the B*, are again as defined by Eqs: (29-63) and (29-64), 


the cor- 


If the diode has an equivalent series loss resistance, R,, 
responding effective parallel conductances are 
R, ; R, 
(G5 ee os SSG RIES (29-67) 
REX, - M)} Py il ae 
C9 
at frequency f,, and 
, 8 R, : 
(3) - ——______ —~ (29-68) 
RP AD - rn? + {_” 
Nett 


at frequency Se: 


In cases where the diode inductance has appreciable reactance, 
Eqs. (29-63), (29-67), and (29-68) should be used in place of Eqs. (29-7), 
(29-8), and (29-9). Fquations (29-22), (29-24), (29-47), (29-48),- and 
(29-49) can be applied to cases where the diode is resonated in shunt by 
simply replacing all of the impedance quantities in these series resonance 
equations by their corresponding dual (i.e., admittance) quantities for 
the parallel-resonance case. Then the admittance parameters defined by 
Eqs. (29-63), (29-67), and (29-68) may be inserted. However, it would not 
be accurate to use Eqs. (29-63), (29-67), and (29-68) with Eqs. (29-25), 
(29-28), (29-31), (29-51), and (29-52), or with Figs. 9, and ll(a), (b), 
(c) because these later equations and charts have assumed that : 
(Bs 985, )R°* CNT et hacl a) and G) = CLG FE 28) i These two relations 
are valid if L, = 0, but they are not valid if Eqs. (29-63), (29-67), and 
(29-68) apply with L, ¥ 0. : 
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kK. CONCLUSIONS 
1. Tuhetony or Up-Coxventens as ELE CTHONTCALLY TUNABLE FILTERS 


Consideration of the preceding theory and calculations leads to the 
following conelusions: 


(1) . Up-converters. tised as electronically tunable filters 
should be capable of very sizeable tuning ranges. 
Although the examples involve Approximations, they 
indicate that tuning ranges of the order of one-half 
octave to perhaps. one octave are possible, 


(2) Since the sideband output frequency is far removed from 
the input band, there are no problems with image re- 
sponses. All possible spurious responses can be 
removed by a properly designed input filter. 


(3) The lower sideband type of up-converter will give sig- 
nificantly more gain than the upper sideband type, even 
ifthe nominal input filter resistance is several times 
as large as the negative resistance presented by the 
diode With the input filter resistance several times 
the negative resistance of the diode, there need be 
little difficulty with stability. “An isolator used at 
the input should make such an amplifier very stable, 
and the isolator would in most cases make the power 


emission from the input port negligible. 


(4) Although gain and noise figure are presumed to be only 
secondary considerations in the design of the proposed 
tunable up-converters, such devices do give sufficient 
Bain to raise a weak signal out of the noise level, © 
and it appears that their noise figure ought to be 
Superior to that of superheterodyne receivers. For 
these reasons it is expected that a system using an 
electronically tunable "p-converter at its input should 
have a better noise figure than a corresponding system 
with a superheterodyne receiver at its input. 


(S) It appears that presently available voltage-tunable 
oscillators should be adequate in many cases for pro- 
viding the required pump power. Use of voltage-tunable 
oscillators should permit quite large tuning rates. 


(6) Since the up- converter “would usually be followed by a 
fixed-tuned, superheterodyne receiver, the signal 


acceptance bandwidth. ac any up-converter input tuning 
frequency would be very narrow-—the bandwidth being 
determined by the IF bandwidth of the superheterodyne 


receiver Thus tuning systems of the proposed type 
can be made to have very high resolution and sensi- 
tivity 

9. INSIGHTS OBTATSED FROM THE ELECTRONTC TUNING EXPERIMENT 


The trial device described in See, LT operformed very much as predicted 
by the theory. The experiments pointed up a number of practical matters 
which it would be well to keep in mind when designing more advanced 


devices of this tyne. Thev are: 


(1) If the diode is resonated in shunt. one should be sure 
that the self-resonant frequency of the diode is far 
removed from either the input or pump band center fre- 
quencies. If the diode self-resonant frequency is at 
all close to the input frequency band, the tuning range 
will be severely limited. If the diode self-resonant 
frequency is close to the pump frequency band, the pump 
impedance -matching problem will be much more severe. 


(2) Diode series resonant circuits of the form in Fig. 29-8 
provide one means for getting around the problem of 
diode self resonance since the diode inductance is 
simply used as part of the required series inductance, 
This configuration is attractive also because it will 
be found that for a given impedance level in the 
associated filters, a diode with a smaller capacitance 


can be used. This will permit the use of diodes having 
higher Qs (since high-Q diodes have relatively small 
capacitance ) Another advantage of the series- 


resonance diode mount in Fig. 29-8 over the shunt- 
resonance mount in Fig. 29-12(a) is that stray capaci- 
tance 1s waster to control. 


(3) As far as is possible, it is desirable to use inductive 
coupling for resonators direct coupled to the diode 
circuit This is illustrated in Fig. 29-8 where the 
sideband output resonator and the No. 2 resonator of 
the pump circuit are inductively coupled to the diode 
carcuit Using inductive coupling, the inductive 
reactance of these couplings merely contributes to the 
inductive reactance needed to resonate the diode at fy. 
Using capacitive couplings as was done in the device 
in Fig. 29-12(a) increases the total capacitance 
associated with the diode circuit, and increases the 
resonator slope parameter considerably at fo. 


3. Apwrrrysce Ps MME TEMS OF Divne. ins ING APPREC TABLE. 
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The Coanite Manse Aue the. ha ving 
appreciable series inductance. show thay vis inductance will oftens be 
extremely important factor to consider in the design of an amplifier 

It is seen that the diode admittances err change very rapidly, a 


guepoues near the diode self- resonant. frequency. 
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CHAPTER 30 


LUMPED- HLEWENT PROTOTYPES FOR IMPEDANCE- MATCHING NETWORKS 


A. GENERAL 


Bode! has presented the theoretical restrictions applying to the 
design of lossless. wideband, impedance- matching networks for loads that 
may be represented by a single resistor and a single reactive element or 
resonator. Fano? has presented the theoretical restrictions applying to 
the design of lossless, wideband, rmpedance-matching networks for arbi- 
trary loads. Ilis results show that there is a gain-bandwidth limitation 
that applies to the impedance matching of any load containing reactive 
elements. Thus. if it is desired to match a generator with a resistive 
internal tmpedance to a load that consists of both resistive and reactive 
elements, a perfect match will be possible only at discrete frequencies. 
If an impedance match is desired across a finite frequency band, some 
mismatch must be colerated; in general, the wider the bandwidth required, 
the higher must be the reflection loss in the operating band. Thus, it is 
seen that wideband impedance- matching networks must also be filters, since 
optimum transmission in the desired band of operation, 1s obtained only 
at the expense of reduced transmission at other frequencies. Any ap- 
preciable degree of impedance match at frequency ranges where impedance 
match 1s not required will detract from the quality of impedance match 


possible in the desired operating band. 


Although Fano? states the general theoretical limitations on the 
design of lossless impedance- matching networks for arbitrary loads, the 
problem of practical, optimum design of impedance-matching networks has 
been solved only for relatively simple cases. Discussions of various 
aspects of this problem will be Found lun ilte ised KO: Js A case of con- 
siderable practical mmpertance for many microwave applications 1s the 
case where the load to be matched may be represented over the frequency 
range of interest by a single reactive element and a resistor, or by & 
single resonator and a resistor. Matching networks for these cases can 
be designed from low-pass prototypes of the form shown in Fig. 18-5, 


where the specification of the load (or source) cireuit to be matched in 
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the actual microwave circuit has been transformed to a specification of 
the quantity 1/(v1 8,89) for the prototype. Green’® has presented some 
very useful data that apply to this problem. He has presented closed- 
form equations for the coupling coefficients for Tchebyscheff and maxi- 


Sand has presented charts® of the 


mally flat filters of this type,* 
coupling coefficients vs decrement for circuits of this form which give 
minimum oreficettensilesesinethe pass band for the given decrement. His 
charts cover the cases of Tchebyscheff circuits having 2, 3, or 4 reactive 
elements. Barton? has independently prepared equivalent charts, and also 


includes charts for maximally flat impedance-matching networks. 


Using Green's closed-form equations for Tchebyscheff-filter coupling 
coefficients, element values were computed on this project for optimum 
prototype matching networks of the form shown in Fig. 18-5. The charts 
plotted from these values are presented in Section B, and their use is 


discussed there. 


B. ELEMENT VALUES FOR IMPEDANCE -MATCHING NETWORKS 

GIVING MINIMUM REFLECTION 

The networks referred to herein are of the form shown in Fig. 18-5. 
However, since the network is reciprocal, the roles of By and g.,, as 
belonging to the generator and the load, respectively, may be reversed. 
The impedance-matching problem to be considered is that where the 


decrement 


nes (30-1) 


1 , 4 
“181,686 


has been fixed by the load (or source) impedance that is to be matched, _ 
and it is desired to find a network of the form shown in Fig. 18-5 which 
will maximize power transmission in the frequency range fromw’ = 0 to 
AY = py 
ie 
It is convenient to discuss the performance of impedance-matching 


networks in terms of their avatlable power loss, which is defined as 


L = 10 loxyo (P ee) decibels (30-2) 


aveil/ 


* In the notation of Fig. 18-5, the decrement is VACHT AY TE The definition of coupling 


coefficient ae used here eill be given in Section C. 
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where P is the available power of the generator, and P, is the power 


evail 
absorbed by the load. Available power loss 1s a more convenient quantity 
than, say, insertion loss, since available power loss is a direct index 
of the circuit’s ability to transfer power, and 1s independent of the 
relative magnitude of the source and load impedance. Insertion loss 
values are dependent on the termination ratios so that for a given power 


transfer, the insertion loss may have most any value, depending on-the 


relative size of the source and load impedance. 


Figure 30-1 shows a typical available power loss characteristic for 
the impedance-matching networks under consideration. The element values 
of the networks discussed in this section are specified so that for. the 


given decrement, °, the maximum pass-band loss, (L, ) will be as ha 


@eax’ 
as possible, Under these conditions, we are not He to choose [(L yn ite 
(L,) Aa and we must take whatever value for this quantity that comes 
out. Figure 30-2 shows a plot of (L,)5., vs 6 for matching networks 


having n = 1, 2, 3, and 4 reactive elements, while Fig. 30-3 shows the | 


corresponding Tchebyscheff-ripple values oes ce = (RR ern Je 
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FIG. 30-1 


DEFINITION OF (La)mmox AND (Ladmin FOR TCHEBYSCHEFF 
|MPEDANCE MATCHING NETWORKS DISCUSSED HEREIN 
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ICHEBYSCHEFF RIPPLE IN Db VS 5 FOR THE IMPEDANCE MATCHING NETWORKS 
WHOSE ELEMENT VALUES ARE GIVEN IN FIGS, 30-4(a), (b), (c), (d) 


Figure 30-4(a), (b), (c), and (d) shows the normalized element values for 


the networks plotted vs 5, where the elements are defined as in Fig. 18-5. 


Note that for these normalized circuits, &% = 1 and w, = Ll. 


In order to illustrate the use of the element values in Fig. 30-4(a), 


(b), (c), (d) let us consider their use in the design of the pump-circuit 


impedance-matching filters discussed in Sections F and H of Chapter 29. 
Relating the notation of Chapter 29 to that of this chapter, for the 
lumped-element prototype for the pump filter 
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where a ee ie and ae are as defined in Fig. 29-1, and the subscript p 
refers to the pump-circuit filter. By Eq. (29-36) we then obtain for 


the decrement 


verre (30-4) 


{see 


where, as is discussed in Chapter 29, af is the slope parameter 
Sec... C Jol. Chapter 29 forte finit ion. of this parameter) of the diode 
resonator at its pump frequency resonance, Re is the effective resistance 
in Seriesswrth ther dvodelreaunature au ate pump- frequency resonance, and 


w, ts the -fractional operating bandwidth required for the pump circuit. 


Let us now consider the upper-sideband up-converter example discussed 
in’ Section H-of Chapter 29; In that example (UY tyr), = 7.1, so that 
Of sta lew) 4 en eSeettannting Chapter 29 it was computed that if a 
pump filter with m = 3 resonators is used and a 0.5-db Tchebyscheff ripple 
is desired, then A = 0.49 in Eq. (29-43) and (he = 3.1 db. For 


eee (ats rors from Fig. 30-2 that fora = 3, ae ts about 3.1 and 
from Fig. 30-3 the Tchebyscheff ripple is 0.48 db. Thus the 0.5-db ripple 
originally asked for was nearly the value for minimum loss. By Fig. 30-4(c) 
foro = 0.141) the values &,/10 = OO Le Ree OToG, &;/10 = 0.45, and 

&, = 0.195 are obtained from the chart. Thus the prototype element values 
BEC Rg = lint kee 82 7 0.26, g;* 4.5, andg, = 0.195. In terms of the 
element value definition in Fig. 29-1, the elements are ue 1/g, = 1, 
Lier ey TA eget pe aoe org. ae Rae cao bry een id) 
the pump filter were to be realized in ladder form, the reactance or 
Susceptance slope parameters could be calculated from these element values 
and the data in Figs 29-3 Tn most cases, however, it will be more prac- 
tical to realize the filter in direct-coupled filter form as suggested in 
Section D of Chapter 29, (See also discussion of direct-coupled filters 
in Chapter 15.) Direct-coupled resonator filter realization is a con- 
venient form for filters of this relatively narrow bandwidth (about 

6 percent), and provides means for accommodating any desired internal 


resistance level for the pump signal generator. 


In the example from Section Il of Chapter 29, the dicde resonator 
with reactance slope parameter af = 430 ohms and with series resistance 
RP = 3.86 ohms was fixed, and the additional two resonators to make up a 


three-resonator pump circuit: were added to improve the transmission into 
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the pump resonator over the required fractional bandwidth, w, = 0.0638. 
It is interesting to note how much improvement in performance is gained 


by introducing the two additional resonators. 


Let us first suppose that the pump generator is inductively coupled 
to the pump resonator so as to give unity VSWR at the pump channel midband 
frequency, f§- Computations show that under this condition the avai lable 
power loss at the edges of the pump frequency band would be 11,3 db. 
Thus, L, varies across the band from 0 db at midband to 11.3 db at the 
band edges: an entirely intolerable situation for the application dis- 
cussed in Chapter 29. However, even when using only a single resonator, 
the situation need not be this bad. In this situation the decrement is 
Stadt o& = OLY, as Uiscussed above, and by Fig. 30-2 we see that the 
optimum single-resonator (t.e., n= 1) design would reduce CL dean from 
11.3 db to 6.1 db while by Fig. 30-3 Leb Ji ( ~ 4h) 


11.3 db to about 2.4 db. This substantial improvement can be achieved 


Bene is reduced from 
simply by tightening the coupling to the pump generator so that at reso- 
nance the pump circuit VSWR is (VSWR) « Ele = 1/0.14 = 7.1 [See 

Fig. 30-4(a)). 


As seen from the preceding, the “optimum” single-resonator adjust- 
ment gives much better results than does the case where one demands 
perfect power transfer at fo. However, for the application discussed in 
Chapter 29, the optimum, single-resonator results would not be good enough. 
wex from 6.1 db 
- (L,).,,] from 2.4 db to 0.48 db. 


But, adding two additional resonators permits reducing (L,) 
to 3.1 db, while reducing it) 
@ex 


These latter vaines should be satisfactory for the application under con- 


sideration, 


In the impedance-matching problem Just discussed, the load consisted 
OF W tesistor in series with a resonator which was tuned to the center 
frequency of the desired operating band. In general, of course, the load 
to be matched will not necessarily have such resonance properties or may 
be resonant but not at the desired frequency. In such cases it should be 
ascertained, either by examination of the load-circuit diagram or by 
measurement of the load impedance vs frequency, which combination of a 
resistor and one or two reactive elements the load resembles most closely 
in the operating band of interest. If the load impedance can be approxi- 
mated reasonably well in the band of interest by, say, the impedance of 


a resistor and a capacitor in parallel, then a parallel inductive element 
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Shaawd be added to, bring the load into resonance at, the midband frequency 
vere ks desired operating band. Then from the equivalent susceptance slope’ 
parameter & (see Section C of Chapter 19) for the resonance, the equivalent 
load conductance G, and the desired fracttonal bandwidth w, the decrement 


is computed in the fashion dual to that in Eq. (30-4) t.e., 


] G 


Seger dae ee 


w BB» hw 


5 (30-5) 


The element values for a suitable low-pass prototype can then be obtained 
from the charts in this chapter. Tt is anticipated that the general use 
of these methods for design of microwave impedance-matching structures 
will be treated in more detail in the course of the new Signal Corps 


contract which is scheduled to follow the present one, 


The prototype element values given herein can, of course, also be 
used for the design of impedance-matching networks for low-pass filters. 
However, true low-pass impedance-matching networks (and also high-pass 
matching networks) have the difficulty that it ts not possible to achieve 
impedance transformations in the circuit. Thus, the generator internal 
resistance and the resistor in the load must be related in size just as 
the By and g,,, values in the charts indicate, The reason for this is 
easily seen; in the case of a low-pass filter the available power loss 
at DC is determined solely by the ratio of generator to load resistance. 
In the case of band-pass filters it is always possible to introduce 
impedance-level transformation within the filter structure so that the 
generator and load resistance levels can be established independently 


(see, for example, the direct-coupled filters discussed in Chapter 15). 


For the case of loads that cannot be resonated so as to look like a 
single resonator plus a resistor within the. frequency band of interest, 
more complicated design techniques will be necessary if precise design 
is desired,” However, even in cases where the load impedance to be matched 
gyrates too much to be representable in the form expressly treated herein, 
these procedures may still be useful for improving the match to the load. 
To do this, the real and imaginary parts of the actual load impedance are 
replaced by real and imaginary parts of a form that can be treated by the 
methods of this chapter, where the new real and imaginary parts have : 


median characteristics with respect to the actual load impedance character- 


Astuc® 
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In the preceding discussion, it was said that the networks whose — 
element values are given in the charts give the minimum value of (hypo 
for the given uccrement. Perhaps it should be added that a scmewhat 
smaller value of (L,),,, should be possible for a given number of elements 
if networks are used which incorporate resonant branches which introduce 
poles of attenuation at various finite frequencies in the stop bands. 

The improvement wou: result from the somewhat sharper cutoff of such 
filters. Howeyer, the “se of such networks as filter prototypes would 


complicate the design problem considerably, and the improvement gained 


would probably not be very great, 
ae 


A’ brief discussion of the equations from which the curves in 


Pies. 30-2 to 30-4(d) were computed will be found in Section D. 


C. IMPEDANCE -MATCHING NETWORK PROTOTYPES WITH A 
SPECIFIED PASS-BAND TCHEBYSCREFF RIPPLE 


The networks discussed in the preceding section were specified so 


that (L,), was to be as small.as possible. Under that condition, it 


en 
was necessary te accept whatever pass-band Tchebyscheff ripple the charts 
might call for in the case of any given design, Alternatively, we may 
specify the pass-band Tchebyscheff ripple and accept whatever value of 
(L,) 


constant may be the major consideration, computation of prototype matching 


oan MY result. Since in some cases keeping the pass-band attenuation 


network element values for a specified Tchebyscheff ripple will be briefly 


outlined, 


In a manner simitar to that discussed in Section F of Chapter. 29 
Pp ° 


| 1 
sinh! rae 


¢ = awh (30-6) 


n 


first compute 


where 


(db Tchebyscheff ripple) 


uu 2 antilogs, a 


(30-7) 


and n is the number of reactive elements in the low-pass prototype. 
Table 29-1 shows values ford for n = 2 to 6 for 0.2, 0.5, and 1.0 db 


ripple. 
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Next compute . 
a ( ) 
a. doen: SAN (oS (30-8 
& : re) 2n ou 
where 


$s 
(018189) 


as before. Using Figs 29-l0coreltel< 4, determine U,(d)and U(e) for the 


given value of a, and compute 


Ue) 
Pees Ud) (30-9) 
Then the (L,).., value that must be accepted is 
, 1 “ned 
a haga = 10 logyo ie Th ee (30-10). 
16 lal2e a 
Figure 30-5 shows a plot of Lee. vs & for various values of nm and 


various amounts of Tchebyscheff ripple amplitude CLS =: (Eb svela 
Suppose that 5 = 0.10 and 0.10 db ripple is desired. This chart shows 
that (L,).., will then be 5.9 db. By Figs. 30-2 and 30-3 it is seen that 

ewer s minimized, (L,),,, 7.4.8 db while the 
ripple is 0.98 dk. Thus, the price for reducing the ripple from 0.98 db 
of about 1.1 db. 


for the same 8, when (L,) 


to 0.10 db is an increase in (Ly Soe 


Green's work’™® appears to provide the easiest means for determining 
the element values. Using his equations altered to the notation of this 


chapter, we obtain 


(30-11) 
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where the g,'s are as defined in Fig. 18-5. The element values 


computed by use of the equations 


1 
8, ce So ) 
ssh Eg 
: ] 
& = — 
: gz k? (w' )? 
pea tele pol yols feed 
1 
Baek Dog vy 
a 


are then 


(30-12) 


(30-13) 


(30-14) 


where the a , are coupling coefficients to be evaluated as shown below. 


Green’s equations for the ky 4 are 78 


a 2 

‘ lee C1 4274 5% 
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(30-15) 


(30-16) 


(30-17) 


(30-18) 


(30-19) 


(30-20) 


where 


PEPE Teo eI Cone 


For n Arbitrary 


sin?r@ cos?r8 + (cos?r@ + D*sin?rO) (sin?2O)§? 
k ee SPSS SS RS Pe TE cae (30-21) 
mere sin (2r - 1)@ sin (2r + 1)0 


where 


0 =» 2n/n 


It is usually convenient to normalize the prototype design so that 
f o 
8, 7 1 andw, = 1, 


D. COMPUTATION OF ELEMENT VALUES THAT MINIMIZE (L,)... 


The element values for the prototype matching networks discussed in 
Section B and plotted in Fig. 30-4(a), (b),. (c), (d) could have been 
obtained using Green’s charts® of coupling coefficients and D values along 
with Eqs. (30-12) to (30-14). However, in order to ensure high accuracy, 
to add the n = 1 case, and to cover a somewhat wider range of decrements 
than was treated by Green, it was decided to carry out the computations 


from the beginning. The procedure used was that described below. . 


Fano? has shown that, for low-pass networks of the type under con- 


will be as small as possible if 


sideration, (L,).., 


tanh na tanh nb 
coswien, -- eoslrabl (30-22) 
where 
a: s: sinht*d (30-23) 
ee sn (30-24) 


and d and e are as indicated in Eqs. (30-6) and (30-8). By Eqs. (30-23), 
(30-24) and (30-8), 


6b = sinh7! [sie a - oa atea | ; (30-25) 
2n | 
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A Connitee progeam was set up to find Tataes of a and b that satisfy 


Eq. (30-22) under the constraint given by Eq. (30-25). From these a and a 


b values for various §&, d and e values were obtained by d « sinh(a) and 
e = sinh(b), When values of d and e had been obtained for various 3, the 


element values for the networks were es As indicated’ in pec then Cc. 


“The data feesthe chicrs in Fig. 30-2 were obtained by using the 


values of a and 6b vs 5 obtained above, ee 


cosh nb 


(30-26), ats 


cosh na 


and then computing (L,).,., by use of Fq. (30-10). The Baws in Fig. 30- 3 
were obtained by use of Eqs. (30-23), (30-6) and (30-7). 


57t 


\/ 


